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Abstract
T
he precise positioning of the mitotic spindle to the cell center dur-
ing mitosis is a fundamental process for chromosome segregation and the
division plane denition. Despite its importance, the mechanism for spin-
dle centering remains elusive. To study this mechanism, the dynamic of
the microtubules was characterized at the bulk and at the cortex in the C. elegans em-
bryo. Then, this dynamic was correlated to the centering forces of the spindle that were
studied by applying calibrated magnetic forces via super-paramagnetic beads inserted
into the cytoplasm of one- and two-cell C. elegans embryos. Finally, these results were
confronted with the dierent centering models: cortical pushing model, cortical pulling
model and the cytoplasmic pulling model.
This thesis shows that: (i) The microtubules dynamic of the spindle aster is controlled
spatially in the C. elegans embryo, with not rescues and catastrophes in the cytoplasm
but in the centrosome and the cortex, respectively. (ii) The centering mechanism of the
spindle behaved roughly as a damped spring with a spring constant of 18  12 pN/m
and a drag coecient of 127  65 pNs/m (mean  SD). This viscoelastic behavior is
evidence of a centering force that recovers and/or maintains the position of the spindle in
the cell center. (iii) It seems to be two mechanisms that recover/maintain the spindle
position. A fast one that may work for transient displacements of the spindle and a
slow one that work over large and long perturbations. (iv) The centering forces scale
with the cell size. The centering forces are higher in the two-cell embryo. This result
argues against a centering mechanism mediated by cytoplasmic factors. It seems to be
a limit for the relation of centering force to size, as the forces found in the four-cell
embryo are comparable to the single-cell ones. (v) The centering forces scale with the
amount of microtubules in the cell. This strengthens the belief that the microtubules
are the force transmission entities of the centering mechanism. (vi) The boundary
conditions are important to maintain the centering forces. A transient residency time
of microtubules at the cortex, which is controlled by cortical catastrophe factors, is
indispensable for a proper force transmission by the microtubules. (vii) The elimination
of cortical catastrophe factors provides evidence for microtubules buckling, which is
taken as a proof of polymerization forces. (viii) The cortical pulling forces mediated
by the gpr-1/2 pathway do not seem to be involved in centering and it is proposed they
are present in the cell for o-center positioning purposes. (ix) The forces generated by
vesicle transport are enough to displace the spindle and they are suggested to be auxiliary
forces to centering. (x) The forces associated with the spindle change dramatically
during cell division. From metaphase to anaphase the forces associated with the spindle
scale up to ve times. This behavior was consistent during the development of the
embryo as the same pattern was observed in the one-, two- and four-cell embryo. (xi)
The higher forces found during anaphase are not cortical pulling (via pgr-1/2 pathway)
depended, and it is proposed the spindle is `immobilised' by tethering or by an unknown
cortical pulling pathway.
To this date, this thesis presents the most complete in-vivo measurements of the cen-
tering forces in association with the microtubules dynamics. Taken together the results
constrain molecular models of centering. This thesis concludes that most probably the
predominant forces of the spindle centering mechanism during mitosis are generated by
astral microtubules pushing against the cortex. Additionally, this thesis presents the
most complete map of forces during cell division during development, which will prove
to be indispensable to understand the changes the spindle undergoes when it changes
its function.
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Aim of this thesis
T
he proper centering and further positioning of the mitotic spin-
dle during cell division is indispensable for correct segregation of
chromosomes and determination of the cell division plane. Despite
its importance, the mechanism by which the mitotic spindle nds the cell
center is still controversial. Three mayor models attempt to explain the cen-
tering mechanism: the cortical pushing model, the cortical pulling model and
the cytoplasmic pulling model. Each model depends on dierent parame-
ters and predicts dierent force magnitudes. Despite the clear connection
that exist between forces and the centering mechanism, the mechanics or
the characteristic forces associated with the centering mechanism have not
been tested extensively inside living cells. This knowledge is indispensable
to distinguish between models and/or to rene the existing ones.
Therefore, the aim of this thesis is to measure the forces associate with the
mitotic spindle centering process using the C. elegans embryo as a model
organism. By doing so, I expect (i) to elucidate the magnitude of forces
associate with the centering mechanism, (ii) to describe the dynamics of the
centering mechanism and (iii) to test the impact that dierent molecular
players and other parameters have on the centering process. Specically, I
would test the inuence of cortical force generators, microtubule number,
cortical residency time of microtubules, cell size and vesicle transport on the
forces associated to the centering process. Finally, I expect this knowledge
would help to clarify the controversy between the dierent proposed center-
ing models.
Additionally, this work aims to explore how the forces associated to the
spindle change during mitosis, specially the dierences between metaphase
and anaphase, which could provide additional information to understand the
forces associated with spindle positioning.
xxv
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Theoretical background
T
he interior of the cells are not static environments, they
are characterized for its dynamics, with molecules, organelles
and other elements in constant motion. The force behind this
motion could come from thermal uctuations or driven by the
consumption of stored energy. The cell regulates theses forces acting as the
director of an orchestra putting every single note (force) carefully in time
and place.
One of the most striking examples of this coordination is the cell division,
in which, processes at dierent scales produced by dierent molecular mech-
anism work together to ensure the generation of two daughter cells with
identical genetic information. Within cell division one of the most fasci-
nating examples of molecular coordination is the formation of the mitotic
spindle, which has the capacity to align and segregate chromosomes while
nding and maintaining actively a center position in the cell.
To better understand the forces acting during cell division, the rst part of
this chapter discusses the molecular basis of the force generation in biology.
Specically, this chapter describes the forces responsible for the mitotic spin-
dle formation and for spindle centering and positioning.
The second part of this chapter describes each of the centering models:
the cortical pushing model, the cortical pulling model and the cytoplasmic
pulling model clarifying the following questions: which are the most impor-
tant molecular players for each model? Which are the sources of force? What
are the magnitudes of forces that are expected for each model? How is the
force balance each model?
Finally, the third part of this chapter recapitulates the rst cell division of
the C. elegans embryo in context with the molecular forces explained in the
rst part and the centering models explained in the second part.
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CHAPTER 1. Theoretical background
1.1 Microtubule structure and dynamics instability.
The microtubules are possibly, with actin and DNA, the most popular macro-polymers
in the cells [1{3]. They make part of the cytoskeleton that provides support and a
complex transport network in the cells [2]. Additionally, as they are the scaolds of
the mitotic spindle, their dynamics and structural characteristics denes the emergent
properties associated to it. Due to the importance of the microtubules in the mitotic
spindle, they will be described rst.
Microtubule architecture
The microtubules are directional polymers conformed by 11-14 protolaments (normally
13), which are composed by series of directional dimers, called tubulin. The protola-
ments associate laterally with each other and form a tube with an outer diameter of 24
nm while the inner diameter is 12 nm. The lateral association of the protolaments it
arranged in an imperfect helix, each revolve of the helix containing 11-14 tubulin dimers
that come from a dierent protolament (see gure 1.1). Mechanically, the `naked' mi-
crotubules can be seen as circular beams with a exural rigidity of 26 2 10 24N m2
at 37C that corresponds to a Young's modulus of 1.9 GPa 1 [1].
The tubulin that form the protolaments of the microtubule is a protein complex formed
by two globular proteins the  and the  subunit. Tubulin dimers polymerize end to
end in protolaments, with the  tubulin in contact with the  tubulin subunits of
the next. Due to its polarity ,the microtubules presents two distinct polar ends, with
one of its ends exposing the  tubulin, called the minus end and the other exposing
the  tubulin called the plus end, being the latter the most active one. In vitro, for
polymerization to occur, the concentration of tubulin must be above a certain threshold
called the critical concentration, which is about 7 M [4], while in vivo this critical
concentration value is unknown and it is believed to be much more lower and tuned
by microtubules associated proteins (MAPs). In the cells, microtubules are normally
nucleated from microtubule organizing centers (MTOCs), such as the centrosome (see
by the rst time by Mitchinson and Kirschner (1984a) [5]) or the basal bodies found
in cilia and agella [6], pointing its plus end to the outer space and in the direction of
growth.
Microtubule dynamic instability
One of the most studies phenomenon of microtubules is the fact that they can switch
from growth to shrinkage state in a stochastic manner. This process was described for
1As reference the Young's modulus of actin is 2.0 GPa, cellulose is 80 GPa, the glass is 71 GPa and
steel is 215 GPa. [1]
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Figure 1.1: Microtubule structure and dynamic instability. In the top the
structure of a single tubulin monomer, a protolament and a single revolve of a micro-
tubule is depicted. In the bottom, the dierent transition of the dynamic instability
are described. The microtubules normally nucleate from MTOCs with their plus end
pointing outwards. In the middle and along the lattice axis, it is possible to appreciate
the non-perfect helix that the 13 protolaments form. It is believed by EM photographs
that the ends of protolaments of shrinking microtubules curl back [7, 8]. On the other
hand, the growing end is believed to be form by non regular length microtubules or
by structures that mimics sheet-like structures that close into hollow tubes during the
assembly process [8, 9], although in this gure is depicted as a regular end.
the rst time by Mitchinson and Kirschner (1984a) [10], and since then it has become
crucial to explain how complex arrays of microtubules behave in nature.
Briey, this phenomenon is called `Dynamic instability' and it refers to the existence
of two phases where the microtubules can be found: assembly and disassembly, being
the plus end of the microtubule where this processes is more obvious. The length of
the microtubule can vary depending on how much new tubulin is added or removed
to each of the protolaments at the microtubules tips. During polymerization, both
the - and -subunits of the tubulin dimer are bound to a molecule of GTP. The GTP
bound to -tubulin is stable while the GTP bound to -tubulin hydrolyses upon binding
with the microtubules. The time constant for this hydrolysis process is still subject of
discussion [8]. The kinetics of the GDP-tubulin is dierent from the GTP-tubulin.
GDP-tubulin is much more labile to depolymerization at the microtubules tips, while
GDP-bound tubulin in the middle of a microtubule cannot spontaneously knock o.
Recently, it has been described that tubulin in the lattice of the microtubules can knock
o upon external physical forces and tubulin units can knock in to repair such damages
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in the lattice [11]. As GTP hydrolysis has a delay time from the moment the GTP-
tubulin binds to the microtubules lattice, there is a theoretical structure called GTP
cap, compose mainly by GTP-bound tubulin at the tip of the microtubule, protecting it
from disassembly [12]. It is thought that when this hydrolysis reaches the microtubule
tip, it begins to depolymerize and therefore to shrink. This switch from growth to
shrinkage is called a `catastrophe.' The theoretical model behind this process is still
under constant research and it has been recently shown that can be the sum of 3 defects
processes for a 13 protolaments microtubule, instead of a single spontaneous eect as
previously thought [13]. This gives the microtubules a memory or age that can change
dramatically their length distribution in the cell [14]. There is also a `rescue' process
for shrinking microtubules that prevents its completely depolymerization. It is thought
to occur when new GTP-bound tubulin is added to the tip of the microtubule during
shrinkage that provides a new GTP cap stopping this process. This is called `rescue.'
The rescue is thought to be mediated via GTP-tubulin islands that remain in the lattice
of the microtubules [15]. Together the growth, shrinkage, rescue and catastrophe give
the microtubules all the range in dynamics seen in the cell.
Microtubule associated proteins (MAPs)
As said before the microtubules can be highly dynamics by themselves, nevertheless
in the cells they are normally in association and its dynamics can be highly tuned
by proteins associated to them (MAPs). For instance, some MAPs are well know for
increasing the microtubules polymerization rate, and this eect can be enhanced by
the synergic eect of more than a single kind of MAPs acting at the same time [16].
Other MAPs can diuse freely along the lattice of the microtubules depolymerizing its
ends when the reach them [17]. Other MAPs are well know to increase or decrease the
catastrophe and rescue rates while others will severe them along its lattice [18]. The
variety of eects that the MAPs can exert on the microtubules dynamic instability is
huge and it will be very extensive to review here. For a very complete review refer to
Howard and Hyman, (2007) [19] and van der Vaart, et al.(2009) [20]. One special kind
of MAPs is the motor proteins that can exert direct force on the microtubules. Due the
importance for the matter of this thesis, they will be treated in a separate section (see
section 1.2.3).
1.2 The molecular basis of the force generation
As is force the one that drives change and motion in the cells, motor proteins and other
molecules that move and produce work are indispensable to cells [1]. At sub-cellular
level, those molecules produce just enough force (few pico newtons) to bias the its own
movement in an environment that mainly is dominated by thermal forces [1{3]. This
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section reviews the dierent force generation processes and its molecular players that are
thought to be relevant in the localization (and formation) of the mitotic spindle during
cell division.
1.2.1 The Brownian ratchet: The polymerization force of microtubules
As described before the dynamic instability of microtubules is a rapid and stochastic
switch between the polymerization and the depolymerization state, which can be used
in the generation of force. In this scenario, linear self-assembled proteins, such as mi-
crotubules (and actin laments), can produce a force against a barrier or a load every
time a new subunit (monomer) is added to the tip [21{23]. This is a special version of
the Brownian ratchet that oers a good explanation of how growing microtubules can
exert forces inside cells [23]. Briey, in this special case, the microtubules can exert some
work thanks to the free energy available from the addition of a GTP-tubulin at the end
of the microtubules, which is available for mechanical work [21]. This process is only
possible in the case of thermal uctuation where the growing microtubule or the barrier
or both move away enough thanks to the Brownian movement to allow the insertion of
a subunit of tubulin at the end of the microtubule. Every time a new subunit of tubulin
is added to the end of the microtubules the system executes work as the barrier or the
microtubule is moving against a load (see gure 1.1).
Under the Brownian ratchet model, polymerization forces are expected to be in the
range of several pico-newtons as the binding energies of single tubulin subunits are
approximately several KbT
2 and as the tubulin units are few nanometers in size [1, 24].
Those polymerization forces can bee seen indirectly: for example, it has been shown that
growing microtubules can deform lipid vesicles [25, 26] and pull tubules from membranes
in cell extracts [27]. For a growing microtubules those forces could reach theoretical
values of up to 50 pN [24], even thought when in practice the maximum forces exert by
microtubules has been measured in the order of 4-8 pN [28, 29].
It is important to mention that microtubules do not follow the simple theory of Brownian
ratchet [23], but more renement assumptions has to be made to t available data [21].
To understand the microtubules polymerization, it is necessary to account the interaction
of the tubulin subunits with the adjacent protolaments. Additionally, it is necessary
to take into account that single subunits can assemble to dierent protolaments at the
same time and that the addition of a single subunit of tubulin does not represent the
increase in length by one tubulin length unit because the length of the protolaments at
the microtubule tip is irregular (see gure 1.1B). For microtubules , an increase of 0.6
nm is expected for each 8 nm tubulin added [1]. Additionally, it has to be taken into
account that the dynamic instability of microtubules can be regulated by force [29, 30],
2KbT is a unit of work and is equivalent to 4.11 10 21J , 4.11 pN  nm, 9.83 10 22cal or 2.479
kJ mol 1
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Figure 1.2: Microtubules Brownian ratchet. A) A microtubule anchors to a non-
mobile substrate and composed of 2 laments growths against an object that represents
a load. The object its under thermal force with a diusion constant D. When the
object is in contact with the microtubule, any tubulin subunit can join to the tip of the
microtubule, but as long the object moves away by a distance X, due to thermal forces,
which is bigger than  a new subunit can join with certain probability(Kon). At this
moment, the particle nd a new Xo. The movement of the particle could be visualized
as a bias diusion with a drift of about    , where  is the mean time that takes for
one tubulin subunit to join the lattice at certain tubulin concentration, which is directly
associated with Kon. B). In this cartoon the system is inverted, where a microtubule
is growing from one MTOC against a barrier, and the system MTOC-microtubule is
under thermal motion. This cartoon represents better in reality the Brownian ratchet
of cells. The real process is more complicated than the simple mechanism presented in
A, normally the tubulin would join to any of the 11-14 protolaments. The distance  is
normally the length of the monomer divided by the number of strands for a microtubule
of 13 protolaments,  = 0:6nm, if we consider that the length of a single tubulin is 8
nm [1].
which bring another variable to the already complicated equation of force generation
through polymerization [24]. Despite that the simple theory of Brownian ratchet does
not follow perfectly the behavior of the microtubules in the experimental work, it still
gives us an acceptable view on how the microtubules are able to generate forces through
polymerization.
An important point is that in the Brownian ratchet model, the force generation is
assumed to take place by the addition of subunits of tubulin without the interaction of
additional proteins or molecules. Nevertheless, in the cell the microtubules are not alone
and normally are associated with MAPs that change dramatically its dynamics and may
change drastically the amount of force they can exert when compared to the force allow
by `naked' microtubules. Because of this fact, one could assume that into the cell the
force that a single microtubule can exert against a load overcomes the values found in
the in-vitro experiments.
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1.2.2 The force of shrinking microtubules
In the previous section we describe how the polymerization of microtubules can give rise
to force production, in the same way it has been described that the depolymerization of
microtubules can also generate force. Although, it is a well-accepted idea in the eld that
shortening of microtubules can generate work [31, 32], it is still under discussion how
tubulin depolymerization generates force. One popular model states that the force comes
by the curls back to a lower energy state of the protolaments when the microtubules
depolymerize (see gure 1.1) [33]. For example, it has been proposed that this curling
during anaphase, generates a molecular `wave' that allow the chromosomes via kineto-
chores to `surf' along the walls of the microtubules, when they are shortening (revised by
[32]). Another possibility is that the tips of the microtubules gets associated with link-
ers that connect substrate-microtubule and the curl back of the protolaments provide
transient pulling force (Figure 1.3A). Such molecules could also been non-processive or
processive minus end-directed motors that bind to the microtubules acting as a linker
1.3B or as a motor, respectively. In the rst case, the force comes from the shrinkage
process while in the second case the force comes from the power stroke of the dynein
(see section 1.2.3). Despite the mechanism underlying the force generation is unclear,
it is well accepted that shortening microtubules can generate force (Figure 1.3A). The
magnitudes of those forces are still under study, for example measurements with optical
tweezers showed that shrinking microtubules can exert forces up to 0.5 pN [33, 34] and
up to 5 pN when the microtubules are associated with dyneins [28]. This experimental
values can be thought to be an underestimate of the forces exerted by shrinking micro-
tubules in-vivo. If one consider the geometrical limitations of the experiments and the
fact that the microtubules have in average 13 protolaments, one could expect forces
up to 10 times higher that those oer by single molecular motors, assuming that during
the experiments a single protolament was probed at the time [33]. This magnitude ap-
proaches the theoretical energy store due to the GTP-hydrolysis of the tubulin [33] and
also matches the forces per microtubule measured for a single chromosome retracting
towards the pole during anaphase A, process where the force is thought to be produced
by microtubule shortening [35].
1.2.3 The power stroke of molecular motors: Dyneins and Kinesins
There are two main classes of motors acting on the spindle during cell division: ki-
nesins and dyneins. These two classes of motors exert mechanical work when they move
along the lattice of microtubules using the free energy release in the hydrolysis of ATP
molecules. Even though, their source of energy is the same, these two kinds of motor are
very dierent in structure and dynamics. This section have as aim to give a briey in-
troduction to these two classes of molecular motors which are very active and important
for the formation, regulation and force generation in the mitotic spindle.
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Figure 1.3: Models of pulling on microtubules. There are two model of how
pulling forces can be exerted on a MTOC via tips of microtubules. A) The rst scenario
is the one described in section 1.2.2, in this model molecules attached to a substrate
bind to the tip of the microtubules and when the microtubule begin to shorten, the curl
back force of the protolaments is feel by the MTOC. The distance d is unknown, but
must be in the range of  20-200 nm [34, 36]. B) The second scenario is when minus-
end directed motor attaches to a surface and binds to the lattice of a microtubule.
The force in this process comes from the power stroke of the molecular motor and the
energy for it was given by the hydrolysis of one molecule of ATP (see section 1.2.3).
In this case, d should be equal to the number of steps that the motor undergoes times
the length of each step. This scenario is expected to be also transient as observed in
in-vitro [28] and in-vivo [37] experiments. Therefore, the distance d is expected to be
also up to few hundreds of nanometers.
Dyneins: The giant motor
Dynein is a unique molecular motor when compared with kinesins and myosins, dyneins
are huge complexes of proteins encoded by more than 16 genes and their structure vary
greatly to adapt to many functions [38]. Additionally, dyneins are much more bigger
than kinesins, while the molecular weight of kinesin is  360 KDa [39], dyneins can
reach easily  1.5 MDa [40], making those latter ones giants complexes when compared
with other molecular motors. Due to its complexity and the vast number of subunits,
dyneins are dicult to study, especially in in-vitro assays, where purication is key. Its
complexity is obvious when dierent kinds of dyneins are look at. For example, the
dyneins found in the agella of some algae have three heavy chains [38], two intermedi-
ate chains and several of small subunits, while in mammalians dyneins normally consist
of two heavy chains and a dozen of small subunits, many of then can be interchangeable
depending on its location inside the cell [40]. Seeing this huge variability is not sur-
prising that dyneins can act in many biological functions, which include positioning of
the spindle, vesicle transport, retraction of chromosomes during anaphase, locomotion,
between others [40]. For the matter of this theses, I will do a general description of the
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cytoplasmic dyneins found in most of the metazoans cells with a special focus on its
mechanical and biophysical properties.
As mentioned before, dyneins are motor proteins that can exert forces into the cells.
To exert its power stroke, dynein undergo conformational changes fuel by the chemical
energy store in the molecules of ATP. Briey, the dynein consist of a tail domain and a
motor domain, which is the one that generates the mechanical work. Equally the motor
domain of dynein consist on a Stalk domain that binds the microtubules; a AAA+
ring complex that undergo the catalysis of the ATP; and a N-terminal domain that
binds to microtubule, cargos or another dynein motor domains. Upon the bind of a
single molecule of ATP, the Stalk releases the microtubule and undergoes a 'higging'
movement towards the minus end of the microtubule. Because those two processes, the
dynein shifts or rotates towards the minus end of the microtubule, which allows binding
to a further position on it. After the dynein binds to the microtubule, the hydrolysis
of ATP gets activated in the AAA+ domain and the hinged Stalk domain goes back
to a straight conguration. This straightening is considered to be the power-stroke
generating movement, which ultimately moves the cargo relatively to the microtubule
[40]. By studying this process one can infer that the duty ratio of dyneins is  0.6-0.7
[41], which is much more higher than muscular myosins:  0.01-0.02 but in the same
range as myosin V:  0.5 [1].
The dyneins are also special in the way they move along the microtubules when compare
for example with kinesins. While kinesins with two head domains moves in a hand-over-
hand manner, the motor domains of dyneins are not well coordinated and only when
they are far apart there is a tendency for the trailing head to step over the forward head
[42, 43]. It has also been seen that the dyneins can move along microtubules when one
of its motor domains is mutated, which support the idea that the two motors domains
of dynein do not talk much between each other during its movement. The length of
the steps that dyneins eect are also very varied, they can exert steps in the rage of
 18   28 nm, with maximum rages of 50 nm [42]. They can also have varied run
lengths, reaching distance of several hundreds of manometers in in-vitro experiments,
which makes dicult to dene its real processivity [40, 43]. In addition to this fact, the
dyneins do not run along the microtubules as kinesin do, with a well dened pattern along
its lattice. Dyneins tend to move erratically sideward, in a movement that resembles an
irregular zig-zag pattern [28, 42]. These movements could be the results of its lack of
coordinated movement and a exible link between their motor domains. Despite of this
lack of coordination, the speed of such movements along the microtubule lattice are fast,
about 800 nm/sec for in-vitro experiments [44], compared to the reported velocities of
1.0 um/sec in in-vivo systems [45].
Finally and most importantly is the magnitude of forces that dyneins can exert into living
cells, as force production is arguably the ultimate function of dynein. Using dierent
in-vitro studies the forces of the dyneins have been reported to be of few piconewtons.
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The force values of dierent reports varied extensively, they could be as few as 1 pN
and as much as 5 pN [28, 44, 46]. As will be mentioned in further sections of this thesis,
one of the values we are most interested in, is the force that dyneins can exert when
they are anchored to a substrate and enters into contact with microtubules tips in a
similar manner as the one depicted in the gure 1.3B. For those cases, forces up to 4 pN
can be expected [28]. Nevertheless, those measurements were done only when a single
dynein was present on the lattice of the microtubule, in the cell dyneins are normally
found in large assembles that can generate higher forces when their are coordinated.
For example, in vesicle transport dyneins have been seen to drag cargos with forces up
to 12 pN [47] in the same manner several dyneins could exert a collective force on a
microtubule tip exerting forces 5-10 higher to the forces that a single dynein can allow
[48]. Another example of the collective capacity of dyneins is the oscillation of the C.
elegans embryo, which are product of dynein activity and that could reaches forces of
hundreds of pico newtons [49] (see section 9). The last example of the collective capacity
of those molecular motors are the beating of the axoneme that can propels the algae
bodies or sperm at velocities of several micros per second. The stall force of a bull sperm
was measured in  250 pN and this value is expected to reect the collective force of
dynein activity [50]. In conclusion even when the forces that single dyneins can exert
do not exceeds few pico newtons, the forces of collective assemble of dyneins could be
expected to be much more higher, performing important mechanical work into the cells.
Dynein is currently at the frontier of research and more studies are necessary to elucidate
its biophysical properties, which ultimate will give us a better understanding of how they
are couple in the processes of living cells. There is too much knowledge on dyneins to
be described in few paragraphs, for a very complete review on those giants molecular
motors see Roberts et al., 2013 [40] and Kikkawa, 2013 [38] and for a complete review
on the biophysical properties see Reck-Peterson et al., 2011 [43].
Kinesins: Excellent movers
As mentioned before, kinesin are molecular motors that walk along the lattice of mi-
crotubules in a direct (normally towards the plus end of microtubules) or a diusive
manner. The kinesin superfamily is large and many of their members can exhibit dier-
ent behavior and function. The most important functions of kinesins are to facilitate or
hinder motions in the mitotic spindle [39] and to facilitate intracellular transport. The
ways kinesins perform on the spindle are also very varied, for instance they use the force
generated in its power stroke to move microtubules relative to a substrate or to each
other, allowing transport, movement or orientation of the microtubules present in the
mitotic spindle [31, 39, 51{53].
Most of the knowledge we have on kinesins have came from work done on kinesin-1,
which is the founding integrant of the superfamily and is the kinesin used to describe
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by default the superfamily [39, 53]. The architecture of kinesin-1 consists of two kinesin
heavy-chains (KHC) and two kinesin light-chains (KLC) subunits. The KHC have the
N-terminal kinesin motor domain, which binds to the microtubule; followed by a neck
domain, which is important for motor processivity and homodimerization; a coiled-coil
stalk, which contains hinge segments that enable the power stroke; and a globular tail
domain, that regulates the motor activity and cargo binding [53{55]. The length of those
kinesins can be expected in the range of 20 nm for the tiny members as the kinesin-13 to
almost 250 nm for some kinesin-7, being the coiled coil formed by the two member of the
dimer the part that presents the highest variability in size [39]. But not all the kinesis
consist of only two motor domains (monodimers or heterodimers), some members of
the superfamily present a tetramer conguration, where two groups of dimers face each
other. Those tetrameric kinesins (for example kinesin-5) crosslink microtubules and can
slide apart microtubules or slow down this movement if there are a faster motors or
movements acting on them [52].
The movement of Kinesin-1 is toward the plus end of the microtubules with velocities
of  0.6-0.8 m  sec 1 and steps of about 8 nm which is approx. the distance between
adjacent -tubulin subunits [1]. The processivity hand-over-hand stepping is how the
two motor domains alternate their catalytic cycles, where the trailing head step over
the forward head, maintaining in this way always the interaction with the microtubule
[56{58]. The run lengths for the processive kinesins can be of several microns, especially
in axons of neuron, which make them excellent movers of material in these cells [1]. On
the other hand, the tetrameric kinesin present a poor processivity [39]. One can expect
that the processive kinesins exert forces in the range  1-6 pN [1, 59{61]. Finally, for
the diusive kinesins, a diusion constant of  0.4 m2=sec can be expected [17].
There is too much knowledge on kinesins to be described in few paragraphs, for a
overview see Howard, (2001) [1], for a very complete review of the kinesins involved in
mitosis see Cross et al., (2014) [39] and for a specic review on the families kinesin-1,
kinesin-2, and kinesin-3 see Verhey et al., (2011) [53].
1.3 The mitotic spindle
The mitotic spindle is one of the most studied structures of cell division. In it, micro-
tubules, MAPs and chromosomes interact with each other, producing structures and
exerting forces onto each other to create ultimately the mitotic spindle. Such structures
and interactions act collectively to give the mitotic spindle structure function and pur-
pose. In the next sections, I describe how the mitotic spindle is form based on those
interactions and what are the mechanical properties that the spindle has as a whole,
which is not more than the reection of the internal interaction of its dierent compo-
nents.
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1.3.1 Architecture of the mitotic spindle
The spindle structure is best explained during metaphase, at this stage all the forces
acting on it are in balance [31] and I will use this stage to describe its architecture. Most
spindles are structures with two regions that are mirror images of one another, thus
structures are called spindle poles, also known as polar bodies in yeast or centrosomes in
higher eukaryotes and are equivalent to the MTOCs described before [62]. Each spindle
pole nucleates microtubules, with their more dynamic end pointing outwards. Depending
on its localization and with which molecules those microtubules are associated, they
present a dierent dynamics and are given dierent names. Three classes of microtubules
can be found in the spindle: kinetochore microtubules (kMTs), interpolar microtubules
(iMTs), and astral microtubules(aMTs) [51]. The function of the kMts is to align the
chromosomes in metaphase and segregate the chromatids in anaphase. The iMTs can be
found in the interpolar region of the spindle and are commonly cross-linked with other
iMTs coming from the same or opposite pole, via MAPs (see gure 1.4). The aMTs
radiate through the cell, exploring its dimensions and geometry making contact with the
boundary of the cell. Those microtubules are responsible for centering and positioning
of the mitotic spindle during mitosis [63, 64], and via cortical pulling forces retract the
spindle poles towards the cell poles during anaphase [65{67]. Finally, in some organism
MTs are initiated elsewhere in the spindle, and they can have a large distribution in
length, those microtubules are also very important for the dynamics of the interpolar
region of the spindle [31, 68, 69].
In the mitotic cell, tubulin polymerization (from the spindle pole bodies) is commonly
initiated by a barrel shaped protein complex called the -tubulin ring, which also re-
cruit other proteins forming a very complex environment, referred from now on as the
MTOCs [62]. The microtubules nucleating from those MTOCs are very heterogeneous
in their lengths and their density function depend mostly in which population of micro-
tubules is being observed. For example some tips of those aMTs can lie far away from
its nucleation site and their dynamics can vary with their age or position. For instance,
in C. elegans it has been seen that very young aMTs have very short life times, because
they get destabilized by some MAPs that localize in the centrosome [70, 71] on the other
end very long aMTs that make contact with the cortex get also destabilized by some
cortical catastrophe factors [72]. In C. elegans and other organisms, the dynamics and
density function of the aMTs in the bulk of the cell remains unclear due to technical
diculties to image the entire population of microtubules3. Despite the lack of knowl-
edge, one can evaluate several scenarios to infer their possibly length distribution. For
instance, if one considers a MTOC that nucleate microtubules in a suciently tubulin
rich cell, without catastrophes and limited amount of nucleation sites the length density
function would remain constant through space, which makes the easier case scenario
to work with [73, 74]. This could be the case for the C. elegans embryo as no evident
3This issue was addressed in this thesis, see section 2.2.1
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Figure 1.4: Spindle structure.The spindle is mainly formed by three kinds of micro-
tubules, which nucleate from the centrosomes in a polar manner, pointing its plus ends
outwards: the astral microtubules (red), the kinetochore microtubules in green and the
interpolar microtubules in blue. The aMTs, explore the geometry and the boundaries
of the cell while the interpolar and kinetochore microtubules localize in the interpolar
zone (light blue) and provide structural, compliance or help to align and segregate the
chromosomes, respectively. The aMTs make contact with the cortex, which extends
along and underneath the membrane (black). For more details, see the text.
cytoplasmic catastrophes have been observed [37, 71] (see section 2.2.1). On the other
hand, if the microtubules can undergo catastrophes in the bulk following a Poisson pro-
cess or a collection of them, an exponential or a gamma distribution can be expected,
respectively [14]. Other microtubules as the kMTs and iMTs have dynamics that are
much more slower than those microtubules with 'free ends,' normally they get stabilized
by the presence of MAPs that localize at their tips and provide some regulation [39, 75].
Even though those iMTs present slower dynamics than the other population of micro-
tubules in the mitotic spindle, they still present a much more higher dynamics than the
microtubules found in interphase cells [31, 76]. This shows that the microtubules of
the mitotic spindle are highly dynamic and therefore also must be highly regulated to
accomplish for its function.
Together with the microtubules, there is an immense collection of MAPs that make part
of the mitotic spindle. We can also divide those proteins in 3 groups, those localized
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at the centrosome, those localized at the interpolar zone and those localized in the
cytoplasm and the cortex. The MAPs at the centrosomes provide normally scaold for
nucleation of microtubules [62] or control its dynamics i.e. promoting catastrophe of the
small seeds of microtubules to control their population, as is the case for some members
of the kinesin-13 family [70]. The MAPs that localize at the interpolar zone can also
be divided in two groups, those which help the kMTs to capture, align and segregate
the chromosomes during prometaphase, metaphase and anaphase respectively and those
which crosslink and regulate the dynamics of the iMTs to give structural support to the
interpolar spindle in metaphase and anaphase [39, 51]. For a very complete review of how
those MAPs which connect parallel and antiparallel microtubules altering their dynamics
see the references: [39, 75]. Finally, the third kind of MAPs are those, which interact
with the aMTs and mediate its dynamics. Some examples for those proteins are: EB-1
and ZYG-9 which are known in C. elegans to ensure a robust and fast polymerization
of aMTs [71] while EFA-6 which localize at the Cortex of the C. elegans embryo ensure
that any microtubules in contact with the cortex undergo a fast catastrophe, promoting
this way fast turnover aMTs [72].
Finally, not only microtubules and MAPs but also chromosomes form a very important
part of the mitotic spindle. In fact, one could think that those two early ones are to
the service of the latters, as one of the most important function of the mitotic spindle is
to segregate correctly the chromatids. During metaphase, the condensed chromosomes
normally localize in the mid-plane also known as equator, forming the metaphase plate.
Each of the two chromatids, that form a single chromosome, are attached with only one
of the poles, through kMTs, while it sister chromatid its attached to the opposite one.
Meanwhile, the two sister chromatids are still mechanically coupled by rings of cohesins,
which hug together the pair (see gure 1.4) [31]. The chromatids remain together until
the rings break in anaphase onset.
1.3.2 Mechanical properties of the mitotic spindle
The spindle as a whole can be considered a mechanical entity that can produce force,
support load and perform deformations in the presence of an external force [31]. Know
the mechanical properties of the spindle is important as they can give us ideas of how
the spindles are formed and sustained. Despite its importance, the forces that such
structures can exert or support are hard to measure due to the technical diculties
that those experiments represents. The experiments that have attempted to measure
the mitotic spindle can be divided in two groups, those that center their attention in
the mechanics and dynamics of the interpolar spindle and those that focus its attention
in the mechanical properties of the mitotic aster. Each class of experiments teaches us
particularities on subsections of the mitotic spindle and we will begin with the mechanical
properties known for the inner part.
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Mechanical properties of the inner spindle
The inner-spindle can be considered as mechanical entity that can produce force, the
most obvious evidence of these forces comes from the observation that this entity is
capable to move the chromosomes back and forth between the two poles in prometaphase
through a highly viscous environment (see gure 1.9g) [31, 39, 51]. A second piece of
evidence that the spindle can act as a mechanical entity comes from the observation
that spindles can keep elongating even when a force has been applied to impede this
movement (review by [31]).
The most studied force generated movement of the inner spindle is the alignment of
chromosomes in the metaphase plate. Nowadays we know that to align the chromosomes
at the center the inner-spindle uses a collection of pushing and pulling forces coming
from the iMTs, kMTs and some MAPs. Despite it has been extensively studied, the
forces that such microtubules can exert on the chromosomes are unknown but estimates
using the viscosity of the cytoplasm (0.1-1.5 Pa  s [31]), the size and velocities of the
chromosomes calculate those forces in the ranges of few piconewtons. The only evidence
of the magnitude of those forces comes from the experiments performed by Nicklas (1983)
[35], where the forces necessary to slow down and stop the retraction of chromosomes
towards the spindle poles during anaphase A in grass hopper cells were measured in
the range of 100-700 pN. This is surprisingly since this measurement its several order
of magnitudes (> 105 times) above the calculated necessary force. Unfortunately, there
are not yet any comparable measurements in the literature to make a generalization
of how much are the forces that the mitotic spindle exerts on the chromosomes during
alignment in prometaphase and segregation in anaphase.
To understand better the forces acting in the inner spindle, it is important to understand
the mechanical characteristics that the spindle provides as an environment. Recently,
the micro-mechanical properties of the spindle have been studied using microneedles
inserted in reconstituted spindles of Xenopus [77]. This study show that the any body
(for instance a chromosome) moving along the polar axis will feel a viscosity with mag-
nitudes approximately 2  102Pa  s, which > 100 the viscosity of the cytoplasm and
> 105 the viscosity of water. This viscosity probably comes from the friction generated
by displacing or breaking of cross-linkers in the direction of the intepolar axis. It was
also seen that the spindle behaves as an anisotropic material: in its orthogonal direction
dierent elastic components could be identied (probably coming from dierent popula-
tions of microtubules, its dynamics and the distribution of the cross-linkers), with overall
dynamic stiness of 1 nN=m and similar viscosity than the one found for movements
along the interpolar axis. Using this new measurements the forces measured by Nicklas
(1983) are still > 10  100 times higher than the ones necessary to move a single chro-
mosome through the highly viscous interpolar zone of the spindle4. The discrepancy of
those measurements provide the perfect argument to keep studying the local mechanical
4assuming that the velocities of chromosomes during anaphase are in the range of 0.001-1 m=s.
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properties of the spindle as more quantitative measurements are needed to understand
how the force balance of the interpolar spindle is form.
More than only looking at the local forces, the mechanical properties of the spindle
can be measured in how much load this structure is able to support and which kind
of deformations the spindles undergo under load. Experiments using Xenopus spindle
showed that it behaves as an anisotropic unit, that is viscoelastic for small deformation
but plastic for large ones, with a 10 fold dierence between the orthogonal and axial
compliance. The values for the elastic element are  1.2 and  2.7 nN/um in the
orthogonal and axial direction respectively [78]. The elastic component of its orthogonal
axis could come partially by a balance of force between the expanding force of the
chromosomes and the contraction force that the iMTs generate over them [79]. Those
experiments are important because it brings to the eld a feeling for the forces that
the mitotic spindle can support and how are the deformation they will undergo in the
presence of an external one. This comes very handy to understand development where
cells in tissues deform drastically and with then their internal components, including
the spindle.
Finally, it is important to take into account that the whole spindle also move in a highly
viscous medium with values that ranges between 0.1-1.5 Pa  s [80{82]. Nonetheless, the
apparent viscosity of the system could be much more higher as spindle is connement
in a small space [83]. Additionally, an elastic component could be also added to it when
suciently bigger particles move through the cytoplasm at high velocities or frequencies
[81, 84{87].
Mechanical properties of the mitotic aster
The mitotic aster, as a unit is also able to produce force and have mechanical properties
inherent to it. The importance in understanding such properties rely in the fact that
is the microtubule aster the one that centers and position the spindle in the cell during
cell division. Having access to these properties can answer question such as how the
spindle nds its centers and what are the forces associated to this process. As already
mentioned, the array of aMTs can be seen as a damped spring that connects the poles
of the mitotic spindle with the cell boundary (see section 1.4.1) [73, 88]. One of the
rst pieces of evidence that suggest that the mitotic aster should behave as a spring
came from the observation of the oscillations that the C. elegans spindle undergoes
in anaphase (see gure 1.9). These oscillations present a maximum acceleration while
they go through the cell AP-axis and decelerate when they get away from it, as one
would expect for a harmonic oscillator [89]. The theoretical models proposed to explain
such behavior state that the aster should oppose the decentering force generated by the
cortical forces. Without this proposed restoring force the spindle would clash against the
boundaries during oscillations as there is nothing to counter balance the cortical pulling
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Figure 1.5: Map of the mechanical properties of the mitotic spindle. The
mechanical properties of the spindle can be map as an arrangement of springs and
dashpots, the rst on represents the elastic modulus of each part of the system while
the latter one represents the friction. The interpolar region of the spindle acting as a
whole unit has shown to have viscoelastic components, with an elastic modulus of 1-4
nN=m. Any movement inside the inner part of the spindle in its spindle polar axis
will experience a drag with an equivalent viscosity of 2 Pa  s and an additional elastic
modulus in its orthogonal axis of about 1 nN=m. The connection between the two
chromatids and its connection with the kMTs through kinetochores can also be expected
to be treated as a spring which magnitudes are dicult to infer. The microtubule aster
is expected to behave as a damped spring with values of three orders of magnitude
smaller than the ones found for the interpolar region of the spindle. Finally, the whole
system moves through the cytoplasm that can behave as highly viscous medium.
forces [90]. The elastic component of this mechanical element was calculated by Howard
(2006) [73] and more recently by Ma (2014) [74] in tens of pico Newtons per micron using
a cortical pushing model and an Hybrid model frame of work respectively (see section
1.4.1). In the latter study, a non-linearity (that can be interpreted as a plasticity) was
also predicted when the displacement of the MTOC crossed certain threshold distance.
The mechanical properties of the non-interpolar spindle are discussed extensively in the
subsequent chapters of this work.
The previous mentioned studies for the interpolar spindle and for the mitotic aster are
very notable to mention as an example of force measurements in a eld that has mostly
inferred the forces indirectly.
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1.4 Centering of Microtubule Organizing Centers (MTOC)
The Spindle is very complex machinery that involves thousands of dierent players to
perform its function accurately. Despite its complexity, one can isolate a bunch of molec-
ular players and processes that allow explaining its overall behavior. For instance, to
try to understand how microtubules pull from chromosomes during anaphase, one would
need to account only for the molecules associated at the kinetochores, the chromosomes
and the microtubules and try to dene the kind of associations that occur between them.
A simplication of this type is powerful as reduce greatly the number of variables to ob-
serve and allow identifying the time and dimension scales necessary to solve the system
[88, 91]. The same methodology can be used to understand spindle centering, which
is the main topic of this thesis. The rst simplication is that a single mitotic pole is
considered, as the two poles are mirror images of one another and the centering process
should be identical in both of them, looking at a single pole simplies greatly the system
(roughly by half). In this way, the connection between the two poles and the inuence
that one can have into the other are also eliminated. It is worth to mention that when
the two poles are considered, normally a sti rod connecting both of the MTOCs makes
the times of inner spindle, this is logic as the magnitude of forces to deform or move
the inner spindle is at least two order of magnitude higher than the ones associated to
the spindle aster (see section 1.3.2). To simplify even more the system, all the inter-
actions occurring at the centrosome are also eliminated and the poles are treated as
points in space which capacities to nucleated a limited amount of microtubules. The
second simplication are on the microtubules, to simplify them, one can consider them
as rods with material and dynamic properties. As mechanical elements, one only need
to consider them as rigid laments and for its dynamics, one only need to consider their
nucleation, polymerization, catastrophe, rescue and shrinkage rates. Finally, it is neces-
sary to understand the shape and dimensions of the conned space where the MTOCs
are, and what is the nature of the interaction of the microtubules with the boundaries
of the space. By doing these simplications, it is easy to evaluate and compare dierent
models that account for spindle centering.
In the next section(s), I will use of the previous mentioned simplications to explain
dierent centering models. Additionally, I will also mention what relevant biological
data support or disprove such models.
1.4.1 The Cortical pushing model
The cortical pushing model bases its principle in the force that polymerizing microtubules
can exert against a load (see section 1.2.1). Microtubules nucleating from the MTOC,
explore the cell volume until they encounter the boundary, which pushes back, the
polymerizing force is transmitted through compressive forces along the microtubules to
the MTOC (Figure 1.2B). This model assumes that a force balance should be found in
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Figure 1.6: The Cortical Pushing Model. A) 1D representation of the cortical
pushing model, if the pushing force do not depends on the distance between the MTOC
and the boundary there is not centering (left). When the force depends on the distance
(F (dx)), a net force points towards the cell center. The dependency on distance could
come because of the Euler force (fe) decreases with the inverse of the square of the
length of the microtubules (B)) or because there is a higher number of microtubules
reaching the closer boundary of the MTOC (C)), or a combination of both. B) When
the microtubules are dynamic and the catastrophe at the cortex is high (Kcat), the
microtubules growth out of the MTOC, as they reach the cortex, they push for a short
period but rapidly undergoes catastrophe and shrink all the way back to the MTOC
(left). In case the pushing force overcome the Euler force, the microtubules buckle. If
the cortical catastrophe is suciently high, they will undergo catastrophe rapidly and
one can assume that the pushing force is equal to the Euler force (fe) (Howard, 2006).
If the cortical catastrophe is small and the microtubules can slide along the cortex the
pushing force are expected to be one quarter of the Euler force (Howard 2001). C)
When there is a population of dynamic microtubules, More pushing microtubules are
expected to be found in contact with the closer boundary. If all the microtubules exert
the same force against the cortex, the net force (the centering force) points towards the
cell center.
the center of a one-dimensional system or in the geometrical center for a two or three-
dimensional system. For the force balance to happen, the forces acting on the MTOC
through the microtubules should be function of the distance between the boundary and
the MTOC. If the force were not function of the distance a balance of forces would
come at any position in space (see gure 1.6A) [73, 92]. Obviously, if the aster is not
completely form by the time the rst microtubules make contact with the boundary,
then the aster would be displaced by those rst microtubules that reach the boundary,
but the nal position of the aster would be a complicated result which is function of
the initial position of the aster, the geometry of the space, the growing velocity of the
microtubules, etc. [92]. Just only under few initial conditions the nal position of the
aster would be in the cell center.
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One of the rst ones to come to this realization was Bjerknes (1986) [92], he assumed that
the density of microtubules radiating from the MTOC has a normal distribution around
the MTOC and therefore the number of interacting microtubules with the boundary
will decrease with the square root of the distance from the MTOC. If all microtubules
have an equal polymerization force, the force would be higher in the closer boundary
and the net force acting on the MTOC would point towards the cell center (centering
force). Using this model Bjerknes (1986) [92] was able to show that a system compose
by two spindle poles can rotate and accommodate themselves in the longer axis of the
space. He estimated the force necessary to rotate the spindle at 1 rad=hour in such
system approximately 100 pN, if the spindle is allocated in a highly viscous uid (0.1
g  cm 1sec 1).
A second alternative of the dependency of force with length is the one proposed by
Howard (2006) [73, 88]. In this model, there is a higher number of microtubules pushing
on the closer boundary to the MTOC than on the further side, as in the model presented
by Bjerknes (1986), but in this model the density of microtubules is the same as one
get further from the MTOC. In this model, the microtubules only make contact with
the cortex for a nite time in where they are pushing and then shrink back. If one
assumes that the pushing probability is the time in contact with the cortex divided by
the total time of a microtubule life: growing time, pushing time and shrinking time,
it is expected that this probability increases when the MTOC get closer to the cortex.
As the pushing time is not function of the MTOC-boundary distance but the growing
and shrinking time are, the pushing probability increases as the MTOC get closer to
the boundary, resulting in a higher number of microtubules pushing against it. Using
this reasoning Howard (2006) brings the idea that the spindle should behave as a spring,
as a higher imbalance of force is expected when the MTOC gets further from the cell
center (see gure 1.6C). The value for this spring was calculated in tens of pico newtons
per micron. Additionally, this model brings the idea that there is a drag associated
with the movement of MTOC that is in addition to the drag coming from the viscous
cytoplasm. As the MTOC moves towards the boundary, the time that the microtubules
take to reach the boundary is less as the gap between the tips of the microtubules and
the boundary closes with a higher velocity than the velocity of the growing microtubules.
The higher the velocity the MTOC moves away from the cell center the higher is the rate
of change of microtubules reaching the cortex and more drag is felt by the system. As
a conclusion, Howard (2006) gives us a testable prediction that states that the MTOC
should behave as a damped spring under external load (see gure 1.5).
Under the cortical pushing model is important to revise the fact that microtubules under
a compressive force normally buckle if a certain force threshold is reached. This threshold
force gives an estimate for the maximum force that a microtubule can exert, as a buckled
microtubule can allow less load that a not buckled one [1]. The threshold force when
buckling occurs is called buckling force or Euler force (fE), and it depends on the material
properties of the microtubules and how their tips interact with the substrate. The force
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normally scale linearly with the product of the young's modulus and with the second
moment of inertia, which is the exural rigidity of the material and decreases with the
square of the microtubule length. For microtubules the exural rigidity is expected to
be  30  10 24 N  m2 [1, 60, 93]. For small cells, where buckling forces exceed the
polymerization forces buckling is irrelevant but in bigger cells buckling is an important
phenomenon that change the conditions of the cortical pushing model [73]5.
In the model proposed by Howard (2006), it is expected that buckling of microtubules
augment the centering mechanism, as buckling provides an extra process that senses
MTOC-boundary distance. Additionally, the load that a microtubule can allow can be
enhanced by lateral reinforcement. This phenomenon has been seen in interphase cells
where microtubules buckle with higher modes due to lateral reinforcement [93]. In this
scenario, the buckling force decreases with the square of the wave length form by the
buckled microtubule [93]. This is important for the cortical pushing model because if
the wave length is shorter than the distance MTOC-Boundary, the pushing force that
a microtubule could exert overcomes its Euler force and the distance MTOC-boundary
where the cortical pushing model holds increases (i.e. bigger cells). This also important
as microtubules with higher modes are expected to relax much more faster than those
with a single mode ( / 1=n4 where n is the bending mode [1]) and one could expect
faster relaxation times for such a system made of high modes buckled microtubules.
Another possibility to overcome the cell size limitation due to buckling, is the idea that
microtubules can form bundles (vers compose for several microtubules) as propose for
C. elegans [37]. If the microtubules are tightly associated to each other a much more
higher force can be tolerated before buckles occur. An example that demonstrates that
the association of several microtubules can enhance signicantly the load forces come
from the exural rigidity of the agella sperm. This structure is composed of 9 doublets
of microtubules and have a exural rigidity of  11  10 21 N  m2 which is a value
three order of magnitude higher than the one found for a single microtubule [94, 95].
This fact demonstrates that the association of microtubules in vers can increased the
allowed forces of the system and that the cortical pushing model can hold even in bigger
cells.
In addition to the theory, the cortical pushing model has been also evaluated from ex-
perimental data. The rst piece of evidence was provided by Holy et al., (1997) [96] and
Dogterom and Yurke (1998) [97], in those experiments asters of microtubules located
in micro-fabricated chambers move toward the center. It is believed that those move-
ments were product of the polymerization force that happened when the microtubule
growth against the cortex. However, the system turns unstable once the microtubules
started to buckle and slide along the boundary of the chamber. In further experiments
done by Faivre-Moskalenko and Dogterom, (2002) [98], inclusion of catastrophe factor
allow these asters to explore better the space, and arguably to have better centering
capacities. This evidence reinforce the idea that for a stable system base on pushing
5For a 15 m microtubules the Euler force (fE) is expected to be 1.3 pN
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forces, the microtubules have to be dynamic and most important that the time that
the microtubules can be in contact with the boundary should be small as proposed by
Howard (2006). For the in-vivo cases, the cortical pushing model has been better shown
in ssion yeast, in those cells pushing forces are obvious by the buckling of microtubules
[99, 100]. For the case of C. elegans , the evidence for pushing forces comes from the
fact that amicrotubules buckle (possibly by compressive forces) during metaphase [101]
and during oscillations [37].
As main conclusions we have that (i) the cortical pushing model holds as long as more
microtubules can reach a push against the closer boundary to the MTOC; (ii) buckling
can augment the centering process;(iii) catastrophes are indispensable for centering and
(iv) that association of microtubules in bundles can made the cortical pushing model
hold in big cells.
1.4.2 The Cortical pulling models
The cortical pulling model relies on the presence of forces pulling at the tips of the
microtubules when they are in contact with the cell boundary. Those forces could be
microtubules that depolymerize while maintaining attachment to the cortex via a molec-
ular anchors (see gure 1.3A), in which case the force comes from the depolymerization
force of the microtubules, or on minus-end directed motors anchored to the cortex that
walk along microtubules, in which case the force comes from the power stroke of the
motor (see gure 1.3B). Alternatively, the connection can be done using a non-processive
molecular motor, which binds to the microtubules, stabilizing them and acting as an-
chors.
The clearest evidence of the existence of cortical pulling forces comes from the experi-
ments made by Grill et al., (2001 & 2003) [65, 67]. In those experiment using C. elegans
embryos, the presence of cortical pulling forces were evident, as cutting the middle part
of the spindle or the centrosome pull rapidly the spindle poles or the centrosome pieces
towards the cortex. Later, it was shown that such pulling forces are directed associated
with a cytoplasmic dynein, which is linked to the cortex via a G proteins. [66, 102]. In
a rst view a system where the only force comes from uniformly cortical pulling forces
is unstable [73], as the MTOC moves away from the cell center more microtubules are
expected to be in contact with the closer boundary, which means more microtubules
would be pulled, resulting in a net force that points away from the center (see gure
1.7A). To solve this problem, Grill and Hyman, (2005) [103] proposed a model where
the pulling forces are set-up in clusters as suggested before [65]. When those cluster
are less in number than the microtubules arriving to the cortex, only few microtubules
would be pulled at the cortex (see gure 1.7B). This conditions seems plausible at rst
sight as the number of cortical pulling clusters were calculated to be as fewer as 50 [65]
and the numbers of microtubules arriving to the cortex in 1 sec could be as much as 
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1000 [37] (see section 2.2.2). Using this condition the net force on the MTOC becomes
independent of the number of microtubules reaching the cortex and the net force on the
MTOC points towards the center. Although this model is attractive, there are several
pieces of evidence, which speak against it. The rst piece of evidence is the simple
observation that the C. elegans embryo manages to center even when cortical pulling
forces are greatly reduced [89]. Second, is the fact that the cluster like behavior of the
cortical force generator has never been observed and has only be inferred by indirect
experiments. Third, the cortical pulling forces is a non-robust centering mechanism,
when those forces are abundant into the cell the spindle undergo oscillation instead of
centering [89].
Another possibility to account for centering via cortical pulling forces is via lateral
contact of microtubules with the cortex, this can occur in at cells or in long narrow
cells where the force generators interact along the lattice of the microtubules and not
only on its tips. By changing the boundary conditions of the system, a force dependency
of the length of the microtubules appear. As microtubules acts as antennas, longer
microtubules can support more minus-end directed motors, which will create a net force
pointing towards the cell center due to the dierence in the length of microtubules when
the MTOC is o-center (see gure 1.3D-E). This model is plausible as dynein can exert
forces along the lattice of the microtubules on mammalian interphase cells [105{107]. In
C. elegans embryos, it also has been proposed that a small fraction of the microtubules
can contact the cortex laterally which possibly helps the positioning of the spindle [108].
One of the problems with this model is that normally not the total microtubule length,
but only a segment of the microtubule tip is associated with the cortex and experiences
a pulling force. Because of this, it is not a clear by how much there is a force-length
dependency mechanism. One option for a force-length dependency mechanism is if the
microtubules in the longer MTOC-boundary region can contact the cortex more laterally
allowing a higher number of motors on those microtubules than on those that are closer
to the boundary (see gure 1.3D). This is less problematic for long and narrow cell as
ssion yeast, where the system could be simply seen as 1D problem, where the force-
length dependency mechanism is clear as the microtubules do no contact the cortex with
high angles and the whole lattice of the microtubules could potentially bind minus-end
directed motors (see gure 1.3E). Although is a plausible model, it has been seen that
such system do not undergo stable centering but rather an oscillatory behavior [109].
A third possibility that account for centering via cortical pulling forces, comes from the
idea that the motors of the closer boundary with the MTOC gets inactivated, allowing
the motors of the further boundary to exert higher pulling forces [104]. In this model,
the MTOC is constantly sending a signal that diuses freely through the cytoplasm
and inhibits dynein activity. As this signal diuses, the concentration prole is normal
about the MTOC. Therefore, when the MTOC moves away from the center, this signal
is stronger in the closer boundary inhibiting more the dynein activity of this boundary.
Due to this inhibition, there is a net force pointing towards the cell center (see gure
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Figure 1.7: Cortical Pulling models. A) In a 1D system, when all the microtubules
that reach the cortex feel a cortical pulling force the system is unstable. As more
microtubules are been pulled from the closer boundary, a higher pulling force is feel in
this boundary making the system moves away form the center. Even when the MTOC
is the cell center the system is unstable as it is highly sensitive to perturbations. A small
perturbation in the position of the centrosome could potentially causes an imbalance
of forces. B) In a 2D system, when there is a limited amount of cortical pulling
force generators there is a centering force pointing towards the cell center [103]. C)
The MTOC produces an inhibitor of dynein that can diuse freely from it to the
cytoplasm. As the MTOC moves away from the center, higher concentration of this
inhibitor is expected to be found in the closer boundary, downregulating the dynein
activity, therefore less cortical pulling forces are expected to be found in this boundary
even when more microtubules are reaching it. On the other hand, the further the
dyneins in the further boundary can act on the microtubules that reach it [104]. D) In
planar cells, where longer microtubules reach the boundary with a low angle compare
to shorter ones, minus end motors are expected to bind with a higher probability to
the segment close to the tips of the microtubules with lower contact angles. E) In long
narrow cell where the microtubules reach the boundary with a low angle and minus end
motors are anchor to the cortex a centering force is expected found as more motors can
associate with the longer microtubules.
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1.3C). The main problem of this model is that the system is limited by the diusion
time6. Because of this, there is a possible readout delay of the inhibiting signal by the
minus-end direct motors at the cortex that can give rise to oscillations instead of stable
centering as has been seen in HeLa cells [104]. In this scenario, the half time of an
oscillation about the cell center should match the time that a single signal molecule
takes to diuse from the MTOC to the cortex.
In general it seems that the cortical pulling forces generates instability in the system
that hinders the centering process rather than enhancing it and is dicult to think in
the cortical pulling model as a good explanation for the centering mechanism. In all
the mentioned examples oscillations but not stable centering was the rule. In a more
general perspective, the cortical pulling forces could be thought to be used to bias the
localization of the mitotic spindle during cell division instead that for the centering
process itself. There are many examples of this phenomenon in the nature: C. elegans
uses cortical pulling forces to displace the spindle towards the posterior of the cell (see
section 1.5.2), the same behavior has been seen in Drosophila neuroblast cell, skin basal
progenitors mouse cells, mouse and chick neuroepithelial cells, drosophila pl progenitors
between others (revised by [110]). In all those examples, the cortical pulling forces are
essential to localize the spindle in a bias way and not for ensuring a stable centering.
1.4.3 Hybrid models: pushing and pulling
There is not doubt that both cortical pushing and the cortical pulling forces exist in the
cells and are important for centering or positioning the spindle, but so far both of them
have treated separately. It does not mean that the two process can not coexist in the
cells and acts together to move the spindle to a desire position. More recently, some
hybrid models have been proposed to conciliate these two forces and try to explain how
a balance between them can account for spindle centering [28, 74, 111].
The models were built around the observation that the centering property of microtubule
asters in microchambers is enhanced when dynein is present on its walls [28]. In those
experiments, the microtubules can push and slide along the boundaries, with some
probability the tips of those microtubules will be capture by a minus-end directed motor
(i.e. dynein) which will initially stabilize the microtubules to then pull on them. The
sliding of microtubules gives a memory to the system where the angular density of
microtubules changes over time, and this rearrangement of the aster gives the system a
net force that normally points towards the center of the space [111]. Looking at those
experiments it is very dicult to argue against the centering capacities of this in-vitro
built systems, but it does not mean that it is the centering mechanism that the cells use
6The time a protein of 3 nm radius takes to cover a distance of 15 m is about of 1.2 seconds but 50
seconds for a 100m assuming a diusion constant of 100 m2s 1. This non-linearity limits the cell-size
where this mechanism could work. In comparison the time a microtubule takes to growth 15 m is 18.8
seconds
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to center the spindle during mitosis. The main issue to consolidate those experiments
with the biological data is the amount of distance (or time) that the microtubules have
to slide along the cortex to eectively arrange the aster microtubules angular density. In
the experiments the sliding distance of microtubules was in the order of several microns
(over hundreds of seconds) for a chamber of 15 m in the in-vitro experiments [28].
In the cells, the microtubules stay for a very briey period (couple of seconds) and
slide for less than a micron [37] (see section 2.2.2). This short period of residency time
of the microtubules do not allow a highly arrangement of microtubules and therefore
do not give the system a long term memory. Additionally, there is no report of this
rearrangement in in-vivo systems, which could support this idea. Due to the previous
mentioned facts, one would have to look at this model carefully as it based on an in-vitro
observation that could not be a reliable representation of the biological systems.
Even when a hybrid model sounds attractive as it conciliate the cortical pushing model
and the cortical pulling model, it seem that the addition of cortical pulling forces add
more conditions that have to be fullled for the system to account for centering. More-
over, Ma et al., (2014) [74] showed that a hybrid model is highly sensitive to the pa-
rameters of the system, while a model that is only driven by cortical pushing forces
seems much more robust. There is a evolutionary implication behind this observation,
one would expect that evolution will favor a mechanism that can handle a large set of
condition since the variety of cell divisions is also large, but so far we have seen that the
addition of pulling forces always bring restrictions to the system rather than a general
solution. This implies that for the evolutionary point of view a centering mechanism
driven by pushing forces seem more robust and its more plausible to be the one that is
acting in the cells.
1.4.4 The cytoplasmic pulling model
The cytoplasmic pulling model is based in the existence of anchors distributed in the
bulk of the cell, which can exert pulling forces on the lattice of microtubules radiating
from the MTOC [112{116]. This model assumes that the cytoplasmic pullers are uni-
formly distributed in the cytoplasm a when the MTOC moves away from the center, the
longer microtubules can load a higher quantity of cytoplasmic pullers which generates a
net force pointing towards the cell center, given the system the force-length dependency
necessary for centering. This model is attractive especially for big cells where few mi-
crotubules reach the cortex and very week pushing forces or none pulling forces (unless
the density of motors is high) are expected [114, 115]
Hamaguchi and Hiramoto, (1986) [112], provided the rst piece of evidence of this mech-
anism. In their experiments, san dollars eggs were put in the presence of Colcemid, which
inhibits microtubule polymerization and its sensitive to UV light. When a circular re-
gion was irradiated with UV light to locally inactivate the eect of the Colcemid, a
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Figure 1.8: The Cytoplasmic Pulling model. A) The cytoplasmic pulling forces
come from vesicles being pulled towards the MTOC via minus-end directed motors. As
the vesicles moves, both the vesicle and the MTOC feels a drag forces that oppose this
movement and that depends on the size of the size (Fr). As the MTOC (together with
the microtubule aster) is much more bigger than the single vesicles moving towards it,
the distance that this moves is shorter. B) The centering force comes as more vesicle
could land and moves along in the longer microtubules when the MTOC is o-center,
in a similar manner to the cortical pulling force model present in the gure 1.7D.
sperm aster begin forming and eventually migrating into the irradiated region. Addi-
tionally, when the irradiated area was displaced, the aster followed and centered in the
new region. The idea is that as cytoplasmic anchors in this region pull on microtubules
nucleating into it, that ultimately drag the complete aster into it.
The nature of the cytoplasmic forces has been associated to cytoplasmic dynein as they
can exert direct forces on the lattice of microtubules [105, 106]. One possibility is
that dynein can anchor to the acto-myosin network, using this network as substrate
to pull the microtubules relatively to it [114]. This idea is plausible for interface cells
where there is a clear acto-myosin network but less plausible for dividing cells as the
cytoplasmic actomyosin network is less dened during mitosis. Recently, Kimura and
Kimura, (2011) [116], proposed that dyneins that transport vesicles towards the minus-
end of microtubules could also exert forces on the MTOC. Dyneins may not need to
be anchored to a xed structure in the cytoplasm, but the force that pulls the MTOC
to the center is the reaction force generated by the drag of vesicles moving towards
the minus-end of the microtubules. Briey, when complexes dynein-vesicle sits on the
lattice of microtubules and walk towards the MTOC, there is a drag force that opposes
this movement (Fr) and depends on the viscosity of the cytoplasm, the velocity of the
movement and the size of the moving vesicle. By balance of forces, it is possible to
demonstrate that the drag force of moving vesicles is felt by the MTOC, dragging it
in to the opposite direction. This means that the force produce by the power stroke
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of the dynein will be distributed in the drag force of the dynein-vesicle and MTOC -
microtubule aster complexes. As the complex MTOC - microtubule aster is bigger in
size, its drag force is also expected to be bigger than the one associated to the dynein-
vesicle complex. Because of that the distance (d) of the movement are also expected to
be dierent, being the MTOC the one that move the less (see gure 1.8A). The centering
of the spindle comes from the fact that when the MTOC is away from the center, the
longer microtubules of the further site can load more dynein-vesicle complexes that walk
on them, generating a total net pull force pointing towards the cell center (see gure
1.8B).
The cytoplasmic pulling model based on vesicle transport is attractive as any real phys-
ical anchor is needed and also because vesicle transport towards the MTOC is a very
popular phenomenon of mitotic cells and it could represent a well spread mechanism
for spindle centering in cells [45, 115{117]. Moreover, this mechanism gives an ex-
planation for how millimeter-size cells can center their spindles, as in those cells few
microtubules reach the cortex and very week pushing forces or none pulling forces are
expected [114, 115].
1.5 The Caenorhabditis elegans embryo
Since Sydney Brenner proposed C. elegans as a model organism in 1963 for the investi-
gation of neural system development in metazoans [118], the 'the worm' has become a
very popular model organism in the scientic community. At least three major scientic
ndings which undergo ultimately to Nobel prizes awards are directly associated with
this model organism, between those are worth to mention the research associated to the
genetic of organs development, the programmed cell death, the RNA interference and
the use of the Green Fluorescent protein (GFP).
In addtion to the previous mentioned elds of study, the C. elegans worm, specically
its embryos, have become a leading model for the study of cell division. The C. elegans
embryo has cell divisions that are very complex with a lot mechanical processes hap-
pening during it. Of special attention, is the fact that C. elegans has fast and highly
stereotypical mitotic divisions which makes easy its study by quantitative methods [62].
Some of those quantitative methods refer to the underlying processes of NNC migra-
tion (see gure 1.9 b-c), cortical ows (see gure 1.9 a-b), chromosome segregation and
spindle elongation during anaphase (see gure 1.9 h-k), asymmetric positioning of the
spindle within the embryo and cortical and cytoplasmic segregation of molecular factors
during polarization (revised by [62]).
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1.5.1 The C. elegans embryo as a model organism
As mentioned before, the C. elegans embryo has become a leading model organism for
the study of cell division. The characteristics that make this model organism ideal for
this eld of study are: its fast and highly stereotypical mitotic divisions, its large size
and geometry, its optics properties, the genetic tools develop for it, between others [119].
Here, some of those features are explain in detail:
 Large size and geometry: the large size of the C. elegans embryo (approxi-
mately 50 by 30 m) makes them easy to handle, oering the possibility to ma-
nipulate and visualize single embryos at the time. The C. elegans embryo have a
small variability in size between individuals what make easy to calculate quantita-
tive measurements, such as cell volume, cell surface and possibly protein content.
On top of that, the C. elegans embryos have an egg shell that make them robust
for manipulation while maintaining its geometry (resembling almost a perfect el-
lipsoid). This latter characteristic allows good determination for the centroid, axis
and other geometrical parameters.
 Imaging friendly: The C. elegans embryo and its egg shell lack of pigmentation,
what makes live microscopy a very easy technique to implement when compared
with other model organism. For instance, this problem is well know in Xenopus
eggs or see urchin embryos where a strong pigmentation is present [120], making
the set of microscopy techniques limited. Using DIC microscopy one can get good
detail of the major structures inside the C. elegans embryo with a very little
photo-damage and very good time resolution. Polar bodies, nuclei, spindle poles,
cytokinesis furrows and patterns of cell division are some that can be easily seen
using this technique. Moreover, by using GFP (or other tag proteins), it has been
possible to map dierent proteins localizations and to visualize with high spatial
and time accuracy the processes happening during cell division [62].
Other characteristics that make the C. elegans embryo microscopy friendly are an
invariant pattern of cell divisions, the presence of only six chromosomes, a very
short cell cycle which allows recording several experiments in a relatively short time
period, and the fact that C. elegans embryos remain healthy at room temperature
[119]. 7
 Accuracy, precision and stability of the spindle during cell division: The
spindle of C. elegans is a very robust system when it comes to spindle centering.
The spindle in metaphase of single cell embryo of the C. elegans has a high accuracy
and stability at the cell center and additionally this mechanism is precise over the
population [121]. Accuracy means how close on average is the midpoint of the
7This later one may not been completely true as unpublished data from the Hyman and Grill lab
(MPI-CBG, Dresden), have showed a strong decency of temperature with cell cycle timing, phase tran-
sitions and cortical ow.
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spindle in relation with the cell center and how close is the orientation of the spindle
in respect with axis of the embryo. It has been shown that the displacement of the
spindle with respect to the center is about of 2.5% and 1.5% of the AP-axis and
the transverse axis respectively, and that its orientation with respect to the long
axis is less than 2 degrees. These measurements provide evidence of how precise
the spindle machinery of C. elegans has evolve to nd its center. Moreover, this
machinery also has evolve to be stable once the spindle has found the cell center.
Stability, means how well the spindle maintains its center position and orientation
once it has been found. The measurement for this parameter is the uctuation
that the spindle undergoes around the cell center. By tracking the centrosome
position over time during metaphase, it has been shown that this system is very
stable, undergoing uctuation in the order of 20-30 nm along the transverse axis
what means uctuations that are less than 0.5% of the transverse axis. Finally,
the variability found in the two previously mention parameters between dierent
embryos is small, which means that the C. elegans embryo spindle also posses a
very precise machinery when it comes down to centering.
 Large set of genetic tools. The C. elegans can be easily manipulated using
an extensive collection of genetic tools that have been developed through decades
of research using `the worm' as a model organism. One of the most important
genetic tools, an also a relatively recent one, is the RNAi technique that allow to
reduce the protein quantity being translate by reducing the amount of mRNA for
a specic gene. This technique has allowed the researches to study the roles that
several proteins and molecules have in biology of the C. elegans. Alternatively,
the codon adaptation technique allows to enhance the amount of protein being
translate [122]. For example, using this technique the amount of gpr-1/2 has been
over-expressed in the embryo giving rise to oscillations in the cell division with
larger amplitudes [122]. This technique is particularly useful when the research
focus is made on a protein with low levels of expression, which is dicult to isolate
or visualize.
 Known genome sequence and data bases. In addition to all the previously
mentioned advantages, the C. elegans is the rst multicellular organism with its
fully genome sequenced, making the search for gene of interest a more easy task
than in other metazoans. Additionally, the C. elegans community have many data
bases such as The Wormbase, The Wormatlas and The Wormbook, which are
available online and includes numerous links to description of genes (its position
in the genome and its possible interaction), methods, resources and groups, that
make working with C. elegans in general a much more social and easy environment.
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1.5.2 First cell division in the C. elegans embryo
The rst division of the C. elegans embryo is not a typical cell division in that it does
not follow the description provided in the text book [51, 123], where normally cells
in interphase (or arrested in Go phase) prepare themselves for cell division. The rst
division of this embryo is more complicated than that because it implies the fertilization
of an oocyte, 2 subsequent meiosis, the migration, meeting and rotation of 2 pronucleai
followed by the nuclear envelope break down (NEBD) when a mitosis similarly but not
totally as we know it in the text books begins [62]. Additionally, the C. elegans embryo
undergoes an asymmetric cell division, to achieve that polarization cues have to be
established to segregate molecular components [62, 124]. These additional steps makes
the rst division of C. elegans a very complete but complex process that make it ideal to
study, polarization, segregation of molecular components, phase transitions, asymmetric
cell division between others processes, in addition to spindle centering, which is the
matter of this thesis.
Fertilization and establishment of polarization
The polarization is an important and very well studied process in the C. elegans embryo
[62, 124, 125]. This polarization is thought to mediate the segregation of important
factors dierentially to one or the two daughter cells. Additionally, this polarization
mediates a posterior positioning of the mitotic spindle in the AP-axis which ultimate
consequence is an asymmetric cell division [65{67, 126], in which each daughter cells
have a dierential size and molecular composition. This binary processes have been
proven to be indispensable in the latter development of the whole organism, as each
daughter cell will give origin to a dierent cell line into the worm [62, 124].
The C. elegans rst cell division begins with an oocyte arrested in prophase sitting in
the ooteca of the adult worm. When it passes through the spermateca, the fertilization
occurs and the size of entry of the sperm determines the posterior size of the cell. As
the sperm has the polarity cues to trigger polarization [127, 128], the site of entry of
the sperm is destined to become the posterior of the embryo while the site that contains
the portion of the female DNA is destined to become the anterior part. The entry of
the sperm will also trigger the formation of the egg shell and the 2 subsequent meiosis
of the female DNA stored in the embryo, which will expel two polar bodies from the
embryo. Mean while the two separate sets of DNA (male and female) condensate and
get surrounded by a double membrane envelope and become two separate pronucleai (or
nucleai for short) that begin to migrate to each other [129].
In parallel with pronuclei migration the embryo begin to polarize, segregating molecu-
lar factors to the posterior or anterior of the embryo. The polarization occurs in the
boundary of the embryo (membrane and cortex) as in the cytoplasm. At the cortex,
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the actomyosin network site where the sperm entered suers a lost of local contractility.
This lost of local contractility is thought to be mediated by a maturation of the centro-
somes, provided by the sperm plus a pool of CYK-4 which reduce the RHO, which is
important for the contractility of the acto-myosin network [130]. Due to this lost of local
contractility, there is a ow of the actomyosin network towards the anterior that carry
with it the PAR protein complex PAR3-PAR6-PKC3 towards the anterior while the
PAR-1 and PAR 2 are excluded only to the posterior part [110, 125] (see gure 1.9 b).
Due to this retraction, the embryo suers a geometry deformation in the form of rues
in the posterior part, the formation of a pseudo-cleavage between the rued anterior
and a smoothed posterior, mark the exact division between the two polarized regions
(see gure 1.9 c). One of the functions of this polarization is thought to localize proteins
preferentially towards the posterior that will position the mitotic spindle asymmetri-
cally. The most know protein involved in this task is the coiled coil protein GPR-1/2.
GPR-1/2 makes part of a complex form by a two partially redundant G proteins,
which are anchored to the membrane and link the LIN-5 protein, a coiled coil protein
which multiple know interaction, using as a bridge between them the GPR-1/2 [102].
This complex G-GPR-1/2-LIN-5 are know to recruit the dynein-dynactin complex to
the cortex, which is associated directly to exert cortical pulling forces on microtubules.
Additionally, there is a lateral posterior band of a protein called LET-99 that inhibits
the recruitment of GPR-1/2 [102]. The combination of PAR domains together with the
LET-99 domain, denes three distinct regions in the embryo cortex, An anterior region,
where the presence of gpr-1/2 is weak, a lateral-posterior where the presence of gpr-1/2
is absent and a posterior region where the presence of gpr-1/2 is rich [131{134] (see
gure 1.9 d-j).
Couple with the polarization occurring in the membrane, there are also other molecules
being segregated dierentially to the posterior or anterior site in the bulk (cytoplasm)
of the embryo. For example, the germline determinant PIE-1 is enriched in the poste-
rior part of the embryo [81, 135], whereas the somatic cell-fate determinant MEX-5 is
enriched in the anterior of the early embryo [136]. This gradient of molecules in the
cytoplasm is thought to be a associated to a change in the local diusion constants
in the cytoplasm. For instance, it has been proposed that PIE-1 posterior enrichment
is maintained by a binary cycling of PIE-1 between two forms with unequal diusion
coecients [135]. Briey, the faster forward reaction happens heterogeneously in the
posterior region, whereas the slower reverse reaction occurs homogeneously in the cy-
toplasm [81, 135]. The main function of this bulk polarization is for daughter cells to
inherit distinct intracellular determinants, such as p-granules which are localize mainly
in the posterior part of the embryo by the end of mitosis, and remain in the posterior
cell after the rst cell division and are indispensable to form the germ line in the adult
worm [80].
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Figure 1.9: First cell division of the C. elegans embryo. a) Entry of sperm
DNA into the embryo. The two subsequent mitosis form 2 polar bodies, normally in
the anterior (A). b) Formation of the male and female pronucleai. The two pronucleai
move towards each other, being the female pronucleai the one that moves the most.
The rues are trigger due to a contraction of the actomyosin network towards the
posterior (P). The cortical polarization begins to form. The actomyosin cortex is not
further depicted but it remains enriched in the posterior site along the whole mitosis. c)
Formation of the nucleai centrosome complex (NCC) and formation of the cytoplasmic
gradients. d) The NCC moves together towards the cell center. e) Once the NCC is at
the cell center it begins a 90 rotation. f-g) The nuclear envelope break down (NEBD)
occurs and the chromosomes to accommodate in the interpolar zone of the spindle.
h) Metaphase plate occurs and the spindle is force balance. i) The spindle migrates
towards the posterior. j) The rings of cohesin that maintain together the two sister
chromatids, break down and anaphase begins. Due to the cortical pulling forces, the
rocking (oscillations) of the spindle begins. The amplitude of the oscillations is greater
in the posterior spindle pole. The two spindle poles move simultaneously towards
the poles of the cell, dragging the chromatids with them. k) The cytokinetic furrow
formation occurs and two asymmetric daughter cell get form. l) Subsequent cell division
event keep occurring with the progenitor cells. The egg shell remains for the whole cell
division, but is only depicted in the rst and last panel. For more information, see the
text.
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Spindle localization during the mitosis of the C. elegans embryo and the
forces associated to it.
As mentioned before the C. elegans embryo rst division is a very complex protocol,
which is very well timed to ensure a proper segregation of molecular factors and genetic
information. During this process one can observe a variety set of movements of dier-
ent components of the embryo, which include cortex contraction and ows, cytoplasmic
ows, spindle formation and migration, alignment of chromosomes and subsequent seg-
regation of them, between others. Each of those movements has to have an associated
driven force associated to it, such forces are not well understood due to the complexity
of its nature and are under constantly study. In this section, those movements and the
forces associated to them (when known) are discussed, specially those processes linked
with the positioning of the mitotic spindle during the cell division of the single cell C.
elegans embryo.
After the sperm entry and the two meiosis, the 2 sets of DNA, male and female will
condensate and be surrounded by membrane to form rapidly two separated pronuclei
in the distant poles of the embryo (see gure 1.9 a-b). The sperm that enter with the
building blocks necessary for the formation of centrosomes, will fast form 2 MTOCs that
rapidly generate microtubules that extend through the cytoplasm. Those microtubules
will reach the membrane of the female nuclei, via dyneins those microtubules begin to
pull the female nucleai towards the male one [137] (see gure 1.9 b-c). The two nuclei
meet in the posterior site of the embryo, forming the nucleus centrosomes complex
(NCC), which then begin to migrate together towards the cell center (see gure 1.9
d). In this moment, the axis formed by the 2 centrosomes is perpendicular with the
AP-axis of the embryo and slowly rotate until it is parallel and align to it (see gure
1.9 e), this movement could happen while the NCC is migrating towards the cell center
or once it has reached it. The cytoplasm and cortical polarization factors are almost
completely established by this time. In these rst series of events, it is already evident
the complexity of forces that one could nd inside the C. elegans embryo. So far the rst
obvious force is the pulling force that the microtubules nucleating from the posterior
nucleai exert on the female nucleai via dynein motors [124, 129, 138]. The fact that the
male pronucleai do not move as much as the female pronucleai could be due to an extra
drag force coming from the extra 2 forming MTOCs that the male pronucleai has [83] or
because the MTOCs could anchor the NCC via microtubules to the posterior of the cell
[139]. The second obvious force is a centering force that makes the NCC migrate from
the posterior site to the cell center, this movement have been associated to dynein [128],
vesicles moving along microtubules [116], cortical pulling forces [63] and the presence of
microtubules [71], and this movement is arguably mediated by the centering mechanism
which is one of the main matters of this thesis. Finally, one has a rotation movement
that can be mediated by the same centering force in combination with the geometry of
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the cell or by an alternative process in which microtubules get anchor with the posterior
part of the cell cortex [62, 139].
Once the NCC is completely rotated or during rotation, the NEBD happens and the six
condensed chromosomes of the C. elegans begins to align due to a tur of war that comes
from the kMTs (see gure 1.9 g) [31, 51]. The rotation of the spindle will ensure the
alignment of the axis of the NCC or the spindle (if already formed) with the AP-axis of
the embryo. By the end of this process the spindle should be in metaphase plate, where
the six centrosomes are aligned in the metaphase plate and the spindle is also localize
in the cell center and following the orientation of the AP-axis (see gure 1.9 h). This is
an important moment in the cell division as possibly is the only moment where there is
a true force balance in the whole spindle [31]: in the internal spindle the chromosomes
are aligned in the cell center and the microtubules provide equal tension on them; and
in the outer spindle the microtubule aster has found a global minimum of energy in the
cell center, where the net forces are expected to be zero.
This global minimum is very transient in the C. elegans embryo (about 30 seconds
[140], see section 3.6) and the system is taken to another imbalance of forces. The
whole spindle rapidly moves towards the posterior (see gure 1.9 i) mediated by an
enriched set of pulling forces in the posterior cortex [65{67, 89, 90, 103]. Briey after
this posterior movement result in oscillations that last for 200-300 seconds and have its
maximum amplitude 50-100 seconds after it started, reaching amplitudes of 3-4 m form
the A-P axis, to latter die out (see gure 1.9 j) [89]. The oscillations are thought to be
mediated by an increase of activity of the motors (possibly dynein) sitting and enriched
in the posterior cortex that can pull from the astral microtubules causing transient
instability (negative damping) in the system. The oscillations might arise, after crossing
a threshold of processivity and mechanical coordination of the force-generating motors.
This coordination is thought to be mediated by the load dependence detachment from
the microtubules [88, 89]. A second possibility is that the oscillation arise because the
instability of the system is corrected by a signal coming form the centrosome which
shut-down partially the motors closer to it [104]. In parallel, the cohesin rings that
maintain the chromosomes together are disassemble, this allow the chromosomes and
centrosomes which are connected through microtubules to the cortex to move together
towards the two poles of the embryo, see Figure 1.9 j-k) [140]. This process is known as
anaphase. This movement towards the poles is thought to be mediated by the cortical
pulling forces and by a sub-population of iMTs that slide each other via a double head
motor [39]. Anyhow, this latter one have to be revised and treated carefully in C.
elegans as is has been suggested that this motors acts more as a brake rather than
enhancers of this movement [52]. The possible explanation for that is that C. elegans
due to the higher cortical pulling forces present during anaphase, this organism have
adapted such motors to brake and control such fast and arguably unstable (oscillations)
movements. Finally, is worth to mention that in other organisms (but not in C. elegans),
the anaphase is separated in two steps: rst, the chromosomes are being pull rst towards
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the centrosomes to latter being move together with the centrosomes towards the pole,
which are called anaphase A and B, respectively [51]. The force mechanism of the
anaphase A is thought to be via depolymerization of microtubules (for a full description
of anaphase A, see [31]). This chromosomes towards of the centrosomes movement has
been extensively studied due to what it can teach us about the interaction chromosomes-
microtubules and is possibly the only event that is absent in the mitosis of the C. elegans
embryo.
Finally when the centrosomes and chromosomes have been pulled towards the poles via
cortical pulling forces, a mix of positive and negative signals coming from the astral
microtubules and the mid zone of the spindle determines where the cytokinetic furrow
will form [141]. The furrow is formed due to an accumulation of actomyosin, in the
shape of a ring, which is highly active and localizes in the furrow region. An increase on
the activity of the actomyosin ring provides the force that nally closes the membrane
to create two distinct compartments, the daughter cells [125] (see gure 1.9 k-i). In C.
elegans , due to the asymmetric cell division the cell are heterogeneous in composition
and size.
36
2
Quantitative measurements on the
microtubules boundary condition, cell
shape and division timing of the C.
elegans embryo
C
entering of the mitotic spindle during cell division depends on
the cell size, the number of microtubules and their dynamics in the
bulk and in the boundary. For C. elegans such properties have been
described before, but not well enough for the purpose of this thesis. This
chapter describes quantitative insights into the microtubules population dis-
tribution, the microtubules dynamics, the microtubules boundary conditions
and the shape/size of the C. elegans embryo. Those measurements are of
extreme importance as they allow to understand the centering forces of the
mitotic spindle described in further chapters.
2.1 Geometrical characteristics of the C. elegans embryo
The centering mechanisms depend highly on the characteristics of the shape/size of the
boundaries, for instance at, small cells could have dierent centering properties than
symmetrical round cells as microtubules can interact with the boundaries in a dierent
way (see section 1.4.2). Additionally, the size of the cell, especially in C. elegans embryos,
can aect the amount of material available to build up the spindle [142] and this can
aect directly the centering forces. Therefore, it is necessary to have a good estimation of
the geometrical space of the C. elegans embryo. Briey, to determine the cell boundary
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Figure 2.1: Changes of shape of the C. elegans embryo during cell division
The embryo boundary changes dramatically during cell division. At the beginning of the
cell division during cortex contraction towards the anterior rues are presented at the
boundaries and at the end of the cell division the contraction ring of the cortex mediates
the cytokinetic furrow, which produces formation of two daughter cells. Between NEBD
and early anaphase the boundaries of the C. elegans maintain a regular shape. The
time its show in relation with the initiation of cortex ow.
of the embryo, a C. elegans strain with tag membrane domain was used to visualize the
boundary (see gure 2.1).
Microscopy and image analysis
To estimate the cell surface and the volume of the C. elegans embryo a strain with GFP-
tagged PH- domain of phospholipase C (further referred to as PH::GFP) were imaged
using a spinning disk microscope: Zeiss inverted microscope 200M equipped with a
Digital CMOS camera ORCA-Flash4.0 V2: C11440-22CU and a 63X water immersion
objective. The embryos were imaged at the middle plane with a time resolution of 1
Sec (1 fps) from the beginning of cortex ow until late anaphase (see gure 2.1). A
window of 60 seconds, approx. 680 seconds after ows start was used to determine the
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Figure 2.2: Fitting procedure for a single frame of the contour extracted
from the PH::GFP signal out of a single cell of C. elegans embryo. The tting
parameters for a single frame t are presented in a box on the left image. The surface
and volume estimation are for an ellipsoid, assuming that the C. elegans embryo is
symmetric along the AP axis. Such that the long axis (a) for the ellipsoid is the same
to the one found in the ellipse and the short axis (b and c) of the ellipsoid are the same
as the short axis found in the ellipse.
surface and volume of the C. elegans embryos1 (see gure 2.1). The membrane outline
was found using a Matlab custom software from the Paluch's lab2 [143]. A 2D ellipse
tting was performed on this outline using a Matlab custom software and those values
were used as an approximation to calculate the volume and surface of the C. elegans
embryo. For the two cell stage embryo, the embryo was imaged using DIC and once the
NEBD occurred the uorescent signal of the PH domain was recorded.
Cell volume and surface
The PH::GFP signal presented a good probe for imaging the membrane of the C. elegans
as previously shown in [144]. The signal was clear since the beginning of cortex ow
until late anaphase, and not evidence of photobleaching was evident (see gure 2.1). To
approximate the shape of the C. elegans embryo an ellipse was tted to the contour
extracted out of the PH::GFP signal. The t values for a 2D ellipse (long axis and short
axis) were used to estimate the volume and surface of a 3D ellipsoid (see gure 2.2)
assuming that the embryo is symmetric around the AP axis by:
V = 
4
3
ab2 (2.1)
1It is expected that the embryo is in metaphase during this window.
2Former MPI-CBG, Dresden-Germany research group, now at the Laboratory of Molecular Cell
Biology at UCL London.
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Figure 2.3: Surface area (in um2) and volume (in um3) estimation for the
C. elegans embryo. The data points in blue represent the mean and STD for every
measured cell and the data point in red represents the estimate for the population
(mean +/- STD).
S  4

2apbp + a2p
3
 1
p
(2.2)
where V and S are the volume and surface, respectively, a and b are the long and short
axis respectively and p = 1.6075, which yields a relative error of 1.061% for the surface
estimate.
The long axis of the C. elegans embryos was calculated to be 50.81  2.80 m (mean 
std ) in length while the short axis was 35.18  1.10 m. These values match previous
studies [37, 121]. The C. elegans embryos maintained its shape and its dimension during
metaphase (see gure 2.3) but the shape and measurements change drastically during
acto-myosin contraction towards the anterior and during telophase (see gure 2.1). It
is interesting to see that the dimensions of the embryos do not have a great variability
within single embryos but they vary considerably in the population. This variation
was calculated to be  10% for its surface area and up to  25% for its volume. This
variability can bring also variability to the force measurements as embryos with dierent
sizes are expected to present dierent forces. Finally, a total surface area of 5,465.9 
694 um2 and a volume of 36,875.7  7,031 um3 (mean  std ) were estimated for the
C. elegans embryos during metaphase (see gure 2.3).
The posterior cell of the two cell stage embryo represents a challenge because it does
not follow a regular elliptical shape as is the case for the anterior cell (see gure 2.4).
In overall the volume and the surface area in this stage is expected to be less than the
half of the single cell stage C. elegans embryo, while the anterior cell is expected to be
more than the half.
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Figure 2.4: Shape comparison between metaphase and anaphase of the sin-
gle cell stage embryo and metaphase of the two cell stage C. elegans embryo.
For the single cell embryo (top) it is possible to observe how the shape is conserved
during the mitosis, presenting only drastic changes, but the end of the anaphase when
the furrow begins to form. the shape is maintained for more than 400 seconds (see
also Figure 2.1). On the other hand the shape of the cells in the two cell stage is not
as maintain as the single cell stage. The posterior cell gets deform to a not elliptical
shape because of the anterior cell. Moreover, the shape of the posterior cell even when
in metaphase, gets deformed because of the shape changes of the anterior cell changes
due to the entering of anaphase in this cell. Normally, the anterior cell completes its
division before than the posterior one. The time references to the metaphase plate
formation in the single cell embryo (top) and the posterior cell (bottom). The series of
images presented on the top and the bottom correspond to two dierent embryos.
2.2 Quantitative measurements of the astral microtubules
in the C. elegans embryo
In order to do a quantitative study on spindle centering in the C. elegans, it is necessary
to describe rst the properties related to the astral microtubules; as the microtubules
population distribution [73], the microtubules dynamics [14, 98] and the microtubules
boundary conditions [28, 74, 111]. The microtubules distribution and the absolute num-
ber relate directly with the expected forces of the centering forces [73] and with the
accuracy of the centering process [73, 121]; while its boundary conditions relate to the
nature of the forces acting on the microtubules during centering [74]. Additionally, the
behavior of the microtubules at the cytoplasm relate to the dynamics [14], which is an
important but not well studied parameter that indispensable to propose more complete
centering models [73, 74].
In other to gain access to the characteristics of the microtubules in the C. elegans
embryos, growing tips were visualized at the cortex and at the bulk. First, I describe
the microtubules at the bulk to try to infer the number of microtubules present on the
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system and to try to describe the expected dynamics of the microtubules. To then
describe the behavior of the microtubules at the cortex.
2.2.1 Dynamics of microtubules in the cytoplasm of the C. elegans
embryo
The microtubules that grow out of the MTOCs towards the cortex (aMTs) are respon-
sible for centering, as those microtubules are the ones that act as spatial probes. There-
fore, the dynamics of these microtubules may aect directly the centering forces. For
example a change in its aging process may have an eect on the amount of microtubules
reaching the cortex [14]. Despite the relevance of these parameters, the dynamics the
aMTs has not been well characterized as single microtubules are dicult to visualize in
the bulk of the C. elegans embryo. The mayor technical challenge is that the aMTs in
the C. elegans are abundant and the signal (mostly from uorescent tags) coming from
dierent microtubules can not be easily decoupled [37] (see gure 9.1). To overcome
such problems, one can only observe the microtubules tips using EB2::GFP as a marker
[37, 71]. This signal present a much more readable probe for microtubule growth but
provides little information on the shirking state and catastrophe events. In general, it is
thought that the aMTs of the C. elegans embryo growth from the MTOC with speeds of
 0.5-0.75 m=sec without catastrophes, reach the cortex and stay there for few seconds
to then shrink all the way back at similar speeds than the growing microtubules [37, 71].
The main problem with this picture is that the non-cytoplasmic catastrophe estimate
is a weak conclusion as it has been concluded, based on the fact that EB2 comets has
not seen frequently to go backwards towards the centrosome [71], but EB2 is a marker
only for growing microtubules and does not represent a reliable marker for shrinking
microtubules or catastrophe events. The same conclusion has been drawn by looking
at complete microtubules at the cytoplasm [37]. Nevertheless, this result is also weak
as many microtubules fall out of the imaging plane and only microtubules that stay in
the plane are taken into account for the analysis. Ideally, one would like to observe
every single microtubules growing from the MTOC until the cortex in order to dene its
density distribution and therefore its dynamics [14]. Although, this is ideal so far there
is any technique that could perform such task due to the dimensions of the C. elegans
embryo3 (see section 2.1). To gain a better insight of the microtubules at the bulk, I
propose an indirect method to calculate the distribution of growing microtubules in the
C. elegans embryo by visualizing its growing tips in a single plane and integrating over
the volume.
3Technologies as the single sheet microscopy are very close to achieve such a goal and it is expected
that in the near future the whole population of growing microtubules using EB tag makers could be
visualized with a fairly good time-resolution.
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Figure 2.5: Tracking of microtubules in the cytoplasm Left: The microtubules
tips are decorated with a EB::GFP tag and can be tracked using FIESTA. Center:
Tracking of the microtubules showing the microtubules of a single frame and showing
the history of those tips in the pasts frames. Right: Vector map of the microtubules
tips over all the acquired frames. The Vectors are color coded with the velocity in
m=sec.
Microscopy and Image analysis
The microscopy and the image analysis were done as described in the section 2.2.2 with
some modications. Briey, growing microtubules were observed using a EB2::GFP
strain; imaging was done for  30 seconds at 5 fps in the spindle plane and the localiza-
tion and tracking of the EB2 comets was done using FIESTA [145] and analyzed with a
custom MATLAB software.
The FIESTA parameters were chosen to t the signal of the EB2 comets in the bulk of
the C. elegans embryo (see gure 2.5). To connect the particles a maximum gap of 5
frames was chosen as the deep of eld of view of view is  1 m it is common for the
tips of a single MTs to disappear for more than 2 frames (400 ms) to reappear again.
When the tips go out of focus, it is possible to see an out of focus signal, but this signal
is not good enough to pass the intensity threshold in FIESTA. A maximum Velocity of
1800 nm=sec was chosen as some microtubules can undergo transient fast movements in
the cytoplasm, which are much faster than its average speeds ( 0.5-0.75 m=sec).
Distribution analysis of the microtubules in the cytoplasm
It was possible to see about of 50-150 microtubules tips in each frame (200 ms). The
residency time and run length of the microtubules tips follow an exponential distribution
with a characteristic time of  1.6 secs and a characteristic length of  1.0 m, which
gives rise to a Gaussian distribution for the velocity with mean  0.8 m=sec (see gure
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Figure 2.6: Statistic of microtubules at the cytoplasm All statistics are built
such that the mean and error bars (std) are built averaging the histograms of dierent
embryos. For every statistics three values are displayed: The t from a model (Expo-
nential decay for residency time and running length and Gaussian for running speed),
the error represents the 95% condence interval out of the non linear square t; the
mean value and standard deviation from the total amount of microtubules observed
and the mean and standard deviation out of the values of mean values of every embryo.
A The residency time. B Running length of microtubules tips. C The average speed
of microtubules tips at the cytoplasm.
2.6)4. This velocity is slightly higher than the 0.75 m=sec reported before [37, 71],
but consistent with the fact that the worm culture and imaging was done at 22C and
not at 20C [71]. Additionally, there was not change of the growing velocity as the
4This data was calculated based on the measurements done in 9,264 microtubules out of 5 embryos.
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Figure 2.7: Observation region of micro-
tubules tips at the cytoplasm of the C.
elegans embryo The microtubules tips were
observed between 5 and 14 m from the center
of the centrosome. The integration distance was
 1 m i.e. yellow region. A region of within
' 20o of the axis form by the two centrosomes
was not analyzed as this region has the micro-
tubules of the inner spindle
microtubules age. This result is drawn by looking at the vector eld built based on the
velocities and direction of the microtubules tips (see gure 2.5).
In order to quantify the dynamics of the microtubules at the cytoplasm the number
of microtubules tips were count from the centrosome with an integration distance of 1
micron for each step (see gure 2.8A). Even without catastrophes the number of micro-
tubules is expected to decay with the distance from the centrosome as the microtubules
scatter out of the imaged plane (see gure 2.8A). To calculate of the number of micro-
tubules nucleating from the centrosome the number of microtubules was integrated over
the volume. The volume of integration is the volume of a sphere shell minus the volume
of a sphere sector shell with and angle of 20o. The volume sector represents the region
where the inner spindle sits (see gure 2.7) and as the microtubules of the inner spindle
were excluded from the analysis this volume needs to be subtracted (see gure 2.7). As
the integration was done over 1 m every micron, the integration over the volume is
done such that the limits are r  0.5 m (see equation 2.35).
Vr =
Z r+0:5
r 0:5
A(r)dr  
Z 2
0
Z 0:11
0
Z r+0:5
r 0:5
r2sendrdd (2.3)
The rst integral correspond to a spherical shell with a width of 1m and the second
correspond to a spherical sector shell of the same thickness. r is the distance from the
center of the centrosome; A(r) represent the surface area of a sphere with radius r;  is
inclination (or elevation) and  for azimuth, 0.11 represent an angle of  20o as the
inner spindle follow a spherical section with similar angle [79].
5A 2D representation can be seen in the gure 2.7.
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From the volume integration is possible to deduce that the decay of the number of mi-
crotubules from the centrosome (see gure 2.8A) is due to the microtubules scattering
outside the imaged plane, rather than by a lost of the number of microtubules due to
catastrophes. Not apparent lost in the number of integrated microtubules by catastro-
phes was observed6 (see gure 2.8B) [14]. The number of microtubules did not present
an obvious decrease in number after integration and it rather maintains its number close
to  45. This result conrms the cytoplasmic catastrophe of aMTs in the cytoplasm
is must be a rare event and that this can be neglected during modelling. This nding
also conrms the idea that the catastrophes may be not required in the cytoplasm for
centering as is desirable that all astral microtubules reach the boundary to transmit the
position information to the system. In the case of a high catastrophe rates few position
information can be processed by the spindle as few microtubule would reach the cortex.
Finally, using this data it is possible to calculate the number of growing microtubules
out of every centrosome that are responsible for centering. If one assumes that there is
 45 microtubules in a volume integration of one micron and that the proper distance
of integration is  15 microns7 about of  675 microtubules are expected to be growing
per centrosome at every time. Additionally, if one assumes that there is the same
amount of shrinking microtubules as there are growing one based on the fact that the
shrinking velocity is similar to the growing one [37] and the fact that there are  120
microtubules in contact with the cortex per centrosome (see section 2.2.2) a total of
 1470 microtubules per centrosome contributing for centering can be expected. This
number matches the same order of magnitude as the previous calculations by similar
techniques [37] and some electron microscopy data which calculate  1000 MTs per
centrosome [146].
2.2.2 Quantitative measurements of the astral microtubules boundary
conditions at the cortex
Observation of the number of microtubules at the cortex have provide insights on the
residency time of microtubules at the cortex and their possible interactions with it
[37, 71]. Nevertheless, these studies did not provide much detail on the behavior of single
microtubules at the cortex, which is indispensable to understand its behavior and the
nature of the forces one can expect to act on them [74]. To be able to gain more insights
on this behavior, microtubules tips were observed at the cortex and characteristics such
as residency time, sliding length, sliding velocity and density were calculated.
6Only when a characteristic length of more than 150 m (  187:5 seconds) for the catastrophe
process is assumed (see gure 2.8), the prediction curve matches the data (data not shown), but it means
that less than  5% of the microtubules catastrophe before reaching the cortex.
7The small axis of the embryos is about 16 m (see section 2.1) but the centrosome have a diameter
of 1-2 m [142] and there is few nucleation of microtubules the inner part of the centrosome [146].
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Figure 2.8: Integration of microtubules in the cytoplasm of the C. elegans
embryo. A. Average number of observed microtubules from the centrosome. The
data represent the mean and the std of 10 centrosomes out of 5 embryos. The expected
decay in microtubules due to volume without catastrophes and assuming 45 micro-
tubules growing at any time out of the centrosome is depicted in green. The expected
decay in microtubules due to volume with catastrophes and characteristic lengths of
5, 7.5 and 15 m, which correspond to life times of 6.3, 9.4 and 18,8 seconds when a
exponential distribution is assumed are depicted in gray. B. In red is the number of
microtubules integrated over the volume from the data in blue (same as A). The Red
broken line represents the mean of the integrated number of microtubules (red) from 5
to 15 m.
Visualisation of microtubules at the cortex
Briey, the microtubules tips of single embryos were visualized at the cortex using as
a marker the EB-2::GFP (as in the previous section). Each embryo was analyzed with
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Figure 2.9: Microtubules visualisation and detection at the cortex. a) MTs
arriving to the cortex in 200 ms (1 frame). b) Maximun projection over 1 second (5
frames). c) Maximun projection over 2 seconds (10 frames). d) Area of interest. In the
small box the statistics are displayed. e) Data after the background substraction and
Photobleaching correction of a. f) Gaussian lter with a 1 pixel window (sigma) of e.
g) Mask used for particle detection in FIESTA. h) Detection of particles by FIESTA.
the FIESTA software and nally the data was averaged out over several embryos.
Microscopy and image analysis Embryos expression EB-2::GFP fusion protein (see
section 3.5.6) were used to visualize the growing MTs in the C. elegans embryo. This C.
elegans strain was chosen over other ones such as -tub::YFP used in other publications
[37], because of the better signal to noise ratio. The embryos were mounted in agar pads
between two cover slides and carefully positioned on the microscope to avoid drastically
shape changes. The Imaging was done under a spinning disk microscope (Zeiss inverted
microscope 200M equipped with a Digital CMOS camera ORCA-Flash4.0 V2: C11440-
22CU and a 63 water immersion objective). The cortex was imaged for less than 135
frames8 at 5 fps time resolution (200 ms exposure in streaming mode) and 105.8 nm of
pixel resolution (see gure 2.9a-c).
Detection The detection of particles is done by an overall intensity threshold. To
account for areas with dierent uorescent signal, specially close to the edges of the
embryo, a background subtraction was executed to the original image and then a pho-
tobleaching correction was executed to normalize the intensity signal (see gure 2.9e-f).
Before the particle detection a smoothing lter was applied to reduce the false positives
coming from noise (see gure 2.9f).
paragraph*Region of interest A region of interest (ROI) was chosen for every embryo
base on the intensity signal. This ROI was matched to stay in the range of 350-800 m2
(see gure 2.9d). Any particle which is outside of this boundary was not included in the
8This number of frames was chosen because after 100 frames at maximum laser power photobleaching
was obvious, and it represented a good compromise between detection capabilities and photobleaching.
48
2.2. Quantitative measurements of the astral microtubules in the C. elegans embryo
0 1 2 3 4 5 6 7
−0.05
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
Time (seconds)
no
rm
ali
ze
d 
co
un
t Residency time +/− std = 0.97365 +/− 0.61769 sec   N = 5151 MTs
exponential fit: 
Characteristic time = 0.6907 ± 0.055507 nm
Residency time +/− std = 0.99273 +/− 0.068616 sec N = 10 embryos
0 200 400 600 800 1000 1200 1400 1600 1800 2000
−0.02
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
velocity (nm/sec)
no
rm
ali
ze
d 
co
un
t
Gaussian fit: 
mean = 448.5001 ± 17.9529 nm/sec
std = 227.3102 ± 18.5593 nm/sec
speed +/− std = 453.7892 +/− 167.687 nm/sec
N = 5151 MTs
speed +/− std = 453.7892 +/− 34.4156
nm/sec N = 10 embryos
0 500 1000 1500 2000 2500
−0.05
0
0.05
0.1
0.15
0.2
0.25
0.3
slide along the cortex (nm)
no
rm
ali
ze
d 
co
un
t slided length +/− std = 342.5925 +/− 223.6706 nm   N = 5151 MTs
exponential fit: 
Characteristic L = 314.0115 ± 60.679 n m
slided length +/− std = 342.6331 +/− 31.0161 nm   N = 10 embryos
Residency time Slided length
Running speed
A B
C
Figure 2.10: Residency time, Sliding length and Velocity of microtubules
at the cortex of a single embryo. The mean for each value is displayed inside the
box.
statistics. If a specic particle began its trajectory into the ROI, but left at some point
during it, this particle was excluded from the statistics of residence time, sliding length
and velocity but included for the microtubules density estimation.
Particle tracking The tracking software FIESTA [145] was used to connect the de-
tected particles and to extract its trajectories. The parameters used for the FIESTA
particle connection were: Minimum track length = 2 frames (400 ms); Minimum gap =
2 frames and connection particle weight: Position = 40 ; direction = 50 and velocity =
10.
Additionally to FIESTA, the software -tracker [147] was used to analyze a couple of
movies to validate the data obtained with FIESTA. Even when -track uses dierent
algorithms for particle detection and track connection, not signicant dierences were
observed between the two sets of data (FIESTA vs -tracker). The data presented in
this work comes from the data obtained using FIESTA.
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Figure 2.11: veloc-
ity vector eld of
the microtubules
tips at the cortex.
On the right the
color scale represents
the Velocities of
the microtubules in
m=sec.
Residence time, sliding length and velocity for every approved trajectory the
residence time, the sliding length and it's velocity was calculated. The residence time
included every frame since the particle was rst detected until the last frame it was
detected. The velocity was calculated as the average of the velocity between each frame.
i.e. if a particle was detected for 5 consecutive frames (1 second), the velocity of this
particle corresponds to the average of the velocities between the frames 1-2, 2-3, 3-4 and
4-5. Finally, the sliding length is calculated as the subtraction on the position between
the last and the rst frame of the particle. For every parameter a histogram was built
and its values stored (see gure 2.10).
Vector eld In order to see if there is sub-regions in the ROI that present dierent
velocities a vector eld was built for every studied embryo. The color and length of
the vectors represent the velocity magnitude of this particle. It is possible to see how
slightly slower velocities are present in the center part of the area of interest (see gure
2.11). The same behavior was observed when the vector eld was built using the sliding
length of MTs, where longer trajectories were found in the outer part of the area of
interest, but this phenomenon was not apparent when a gradient eld was built using
the residence time (data not shown).
Behaviour of microtubules tips at the cortex
In order to have a better estimate on the behavior of the MTs at the cortex of the C. ele-
gans embryo, data from several embryos was collected and average into single histograms
(see gure 2.12). For every measured parameter (residency time, growing length and
velocity along the cortex) a histogram was built out of the individual histograms (see
gure 2.10).
50
2.2. Quantitative measurements of the astral microtubules in the C. elegans embryo
0 500 1000 1500 2000
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
Velocity (nm/sec)
No
rm
ali
ze
d 
co
un
t
Gaussian fit: 
Velocity +/− CI95% = 448.50 ± 17.95 nm/sec
xT+/− std = 453.79 +/− 167.69
N of MTs = 5151  //  N of embryos = 10
 
0 1 2 3 4 5 6
0
0.05
0.1
0.15
0.2
0.25
0.3
Time (sec)
No
rm
ali
ze
d 
co
un
t
Single exponential fit: 
Characteristic time +/− CI95% = 0.69 ± 0.06 sec
xT+/− std = 0.97 +/− 0.62
N of MTs = 5151  //  N of embryos = 10
0 500 1000 1500 2000
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
Slide distance (nm)
No
rm
ali
ze
d 
co
un
t Single exponential fit: Characteristic L +/− CI95% = 259.17 ± 23.52 nm
xT+/− std = 342.59 +/− 223.67
N of MTs = 5151  //  N of embryos = 10
A
B
C
Residency time
Slided length
Running speed
Figure 2.12: Residency time, Sliding length and Velocity of MTs in the
cortex. All statistics are built such that the mean and error bars (std) are built
averaging the histograms of dierent embryos. For every statistics three values are
displayed: The t from a model (Exponential decay for residency time and running
length and Gaussian for running speed), the error represents the 95% condence interval
out of the non linear square t; the mean value and standard deviation from the total
amount of microtubules observed and the mean and standard deviation out of the
values of mean values of every embryo. A The residency time. B Running length of
microtubules tips on the cortex. C The average speed of microtubules tips along the
cortex.
The microtubules tips stay at the cortex for a transient period of time, which indicates
that the cortical catastrophe rate is high and it is expected to be much more higher
than the cytoplasmic catastrophe (see section 2.2.2). Additionally, it was seen that the
residency time of microtubules follow an exponential distribution with a characteristic
time of  0.7 secs, which is in agreement (although sligthly lower) with the previous
work [37]. This distribution could represent a simple decay process out of a stochastic
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process or single reaction kinetics. The reaction kinetics is the most probable option
as the catastrophe of microtubules by a stochastic process as the one seen in-vitro is
lower [148]. This behavior of the residency time of microtubules at the cortex may be a
product of cortical catastrophe factors, such as efa-6 [72] that hinders their growth once
the microtubules reach the cortex. The role of the cortical catastrophe factors is possible
to ensure a fast turnover of the microtubules once they reach the cortex. Arguably,
this small residency time allows for a fast turnover of microtubules that increases the
frequency with which the spindle can sense its space. Finally, this short residency time
argue against some hybrid models (see section 1.4) in which, the system has to have a
long term memory to achieve centering [28, 111].
Once the microtubules tips reach the cortex they continue growing for about of  315
nm at speeds of  450 nm=sec. The slided length of microtubules at the cortex and the
velocity of those microtubules at the cortex present a exponential and Gaussian distri-
bution respectevely9. The fact that the microtubules only growth for a few hundreds of
nanometers after they reach the cortex suggest that there cannot be a large rearrange-
ment of the microtubules radial density, which argue again against some hybrid models
where this is necessary [28, 111]. Moreover the fact that the velocity of growth along the
cortex is almost the half of cytoplasmic velocity is evidence of friction which represent
the presence of pushing forces by polymerization [74] and support the cortical pushing
model. Although this can also be evidence of cortical catastrophe factors (see chapter
6).
Estimation of the microtubules density at the cortex
Given that the forces associated with the centering mechanism depend on the number
microtubules interacting with the boundary, it is necessary to calculate the density of
microtubules at the cortex. The number of interactions could also give an indication of
the precision and accuracy of the centering mechanism [73, 121].
The microtubules density was calculated by averaging over all frames (see gure 2.9h).
The data can be understood as the number of MTs presented in 100 m2 at any given
point of time10. In general, it is possible to see between 10-50 microtubules in an
integrated time of 200 ms and in an area of 350-800 m2. The density on the number
of MTs is correlated between close frames, but such correlation disappears over larger
periods of time (Figure 2.13). This correlation can be observed better when MTs arriving
to the cortex are observed during oscillations [37]. In average for WT embryos during
metaphase a density of 4.38  0.58 microtubules can be seen per 100 m2. Taking
9This is expected as those measurements are couple with the residency time, which has an exponential
distribution. The velocity calculated out of two exponential distribution of stochastic processes must be
a Gaussian by denition.
10As the time resolution of the experiment is 200 ms but the residency time of the microtubules has
a  of  0.7 seconds the population of microtubules at the cortex was oversample in time and therefore
it can be presented as the number of microtubules at any given point of time.
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Figure 2.13: Density of MTs at the cortex of a single cell embryo over time.
In the top panel the number of MTs is scaled to an area of 100m2. The bottom panel
presents the number of MTs over the whole area of interest. The mean and STD are
presented in red.
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Figure 2.14: Overall density of MTs at
the cortex for WT embryos in metaphase
the mean of every of the single embryos with its
standard deviation is presented in yellow. the
Red line represents the mean and the blue line
represents the median of the data. In the back-
ground the boxplot of the data shows the quar-
tiles and outliers as red crosses.
into account that the surface area of a single cell embryo is 5,465.9  694 um2, the
microtubules in contact with the cortex in a time span of 200 ms must be 239.3  57.9
in total, which is about of  120 microtubules per centrosome, which is in agreement
with the  150 microtubules calculated in previous studies [37].
Additionally to the microtubule density values, an estimate for the total amount of
microtubules can be calculated base on this observation. Given that the  represents
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a fraction of the live spam of the microtubules it is possible to estimate the whole
population using the equation 2.4 [73]11.
P o =
 o
 o + + +  
(2.4)
such that:
 o =  o ; + = d=+ ;   = d= 
 o is the amount of time a microtubule spent in contact with the cortex, + and   is the
amount of time that a microtubule spend growing and shrinking respectively, and those
values are calculated by dividing the distance from the centrosome to the cortex ( 15
m) and the growing and shrinking velocities ( 0.8 m=sec). Using these values the
probability po is calculated to be 0.017 which result in a total of >13.000 microtubules
per embryo or >6500 microtubules per centrosome. This value oer a discrepancy with
the amount of microtubules calculated by EM studies [146, 149, 150] and the obser-
vation of microtubules at the cytoplasm, which estimate the number of microtubules
in less than 1500 microtubules per centrosome. Those discrepancies has been also ob-
served previously, but non explanation could be drawn [121] . The only remaining of
information for astral microtubules rely on the shrinking state of the microtubules which
is dicult to observe and could possibly oer an explanation for this discrepancy. A
fast rescue after catastrophe could also explain the high number of microtubules at the
cortex, but this is improbable as such behavior must be observed in the distribution
prole (see gure 2.8). In conclusion there is not a good explanation to explain such
discrepancy.
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3
Experimental design and Methods of
the force measurements
I
n-vivo force measurements are very rare in the literature as the in-
sertion of probes that can exert calibrated forces on targeted organelles
or structures inside cells is technically challenging. In this work, I de-
scribe how magnetic probes can be inserted into C. elegans embryos to mea-
sure and apply calibrated forces on the spindle of those cells. This chapter
also discusses the proper timing of the C. elegans embryo rst division in
which those measurements can be done and how to knock down dierent
molecular players using the RNAi technique. This chapter sets the experi-
mental ground to obtain the results of the chapters to come.
3.1 In-vivo force measurement and manipulation in-vivo
As mentioned in the introductory chapter, the interior of the cell is well characterized by
a constant motion of molecules, complexes and organelles and each of those movements
has a driven force associated to them. The challenge is to reach those forces and be able
to measure them and understand their nature. The biggest problem is that such forces
are buried inside the cells and the access to them is limited. For this reason, most work
of the work on force measurement of biological related matter have been done using in-
vitro approaches. Thanks to those bottom-up approaches, we have gained a vast amount
of knowledge on the forces associated to molecular motors, to the polymerization of
microtubules , to protein folding and unfolding and to others. The limitation is that the
knowledge we learnt is restricted by the amount of molecular players we can successfully
isolate, reconstitute and test outside the cells. As there is always a limit of the degree
of delity one can replicate in a test tube of a biological system, there is also a limit in
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the information one can gain out of those approaches. In summary, in vitro experiments
try to understand the forces of isolated pieces of biological system to gain insights of the
overall behavior but their biggest limitation is the degree of delity one can achieve by
using this approach.
On the other hand, there is the possibility to study the system in their native environ-
ment, where the whole system or part of it can be tested. This approach is excellent in
that one is sure there are not aberrations due to the replication of the system outside
their native environment. The main challenges are the introduction of probes inside
cells, the force calibration and the manipulation of those probes inside cells. Many
techniques try to circumvent those problems. The most popular of those techniques
are optical tweezers, needle based methods, laser ablations and magnetic tweezers. The
present thesis proposes the use of magnetic tweezers to study the forces that are associ-
ated to the centering process of the mitotic spindle of the C. elegans embryo. Before the
explanation on magnetic tweezers, this chapters recapitulate briey the other techniques
and gives explanation of why the magnetic tweezers technique has been preferred over
the others for this thesis.
Needles-based force measurement and manipulations
Needles based techniques are possibly the simplest mechanical perturbation that one
could use to measure biological forces. They have been use for in-vitro studies to mea-
sure the forces associated to molecular motors [151, 152], for the study of mesoscale
reconstituted internal spindle properties [77] and most important for the manipulation
and measurement of mitotic spindle inside cells [35]. The most important example is
the experiment done by Nicklas (1984) [35] that has been mentioned several times al-
ready in this thesis. In this technique, a needle is connected to the biological system by
its tip and by observing its deection one can calculate the forces there being exerted.
Despite its relatively easy implementation, this technique has two important withdraws.
First, for in-vivo measurements this technique is intrusive because the needle has to
overcome several cellular components to access the targeted structure. For example,
to study spindle of C. elegans embryo the needle would have to overcome the eggshell,
the membrane, the cortex and about of 10-15 um of cytoplasm before it could make
contact with the spindle. In this scenario, the needle would disrupt or alter important
processes or structures that are relevant for the spindle centering and one would be at
risk of not observing the native system. Second, as the needle has to overcome several
structures before it can contact the spindle, the force calibrations cannot be reliable as
the observable deection in the needle, which represents the force, can be corrupted by
other mechanical processes. Due to those drawbacks, this technique is not considered
suitable for the measurement of the spindle centering forces in the C. elegans embryo.
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Laser ablation experiments
Laser ablation techniques have been around for a while now, the rst attempt to ma-
nipulate the biological matter with light dates from the rst years of the 20th century
but it was not until the decade of the 60's that it was successfully proven [153]. This
technique attempts to manipulate biological tissue by focusing a high-energy source of
light (nowadays lasers) in order to disrupt processes and/or destroy some pieces of the
system, in a kind of a pulse chase experiment [154{156]. This technique has been widely
used to study the biophysics of the mitotic spindle, being of especial attention for the
C. elegans community the discovery and mapping of cortical pulling forces in the C.
elegans embryo that localize the spindle during mitosis [139] and the positioning of the
cytokinesis furrow by a redundant signals coming from the spindle [141]. Although this
technique is useful to study the spindle positioning of C. elegans embryo, it has two main
withdraws: (i) One can only measure relative forces; (ii) The laser ablation technique is
highly destructive because it alters or disrupts the system. The problem with this kind
of approach is that the observed system is not the native one, but one that is `broken.'
As this technique cannot measure the forces directly and is highly destructive, it cannot
be used to measure the forces associated to the centering process of the mitotic spindle.
Optical tweezers
Optical tweezers are powerful instruments, capable of exerting forces of several tens
of piconewtons and capable of manipulating the displacement of trapped objects with
sub-nanometer accuracy and sub-millisecond time resolution. However, this can only
be achieved under very restrictive conditions, mostly when the trap is localized in opti-
cally homogenous liquids and the trapped object has well dene shape size and optical
properties [157]. For in-vitro studies of biological matter, this is not a problem as the
experiments are normally executed in chambers where the conditions are well controlled
and where the probes are normally polystyrene beads with very well known charac-
teristics. However, this ideal environment is opposed as the one found deep inside the
crowded, heterogeneous environment of cells. This heterogeneous environment make this
technique complicated to study intracellular forces, specially because there is no-selective
trapping of organelles and other intracellular structures. Because of the non-selective
trapping the quality of the laser focus decreases, which causes lower the attainable forces
and makes the force measurement values doubtful [158]. Although increasing the laser
intensity can compensate the lower attainable forces, this also increases local heating
that causes photo-damage. Additionally, to the photo-damage another big issue is the
one associated to the calibration of the optical tweezers in-vivo. As mentioned before,
the force value of the optical tweezers could be doubtful due to non-specic trapping of
cellular components and therefore the force calibration represents a big challenge [158].
In summary, this technique was not chosen to measure the spindle centering forces due
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to diculties in performing reliable calibrations, to the limited amount of forces that one
would be able to exert inside the big C. elegans embryo, and due the potential damage
to the embryo.
Outlook
In summary, any of the previous techniques is suitable to measure the mechanical forces
associated to the centering process of mitotic spindle inside the C. elegans embryo due
to its limitations in calibration or because they are intrusive and/or destructive. From
all the techniques mentioned before, the optical tweezers represent possible the most
sophisticated one and if the major calibration problems are overcome, it could also
represent in the future a very promising technique to measure forces and manipulate
structures into cells.
3.2 Magnetic Tweezers
3.2.1 Magnetic Tweezers to study the centering forces of the mitotic
spindle of C. elegans embryo
To measure the forces associated to spindle centering, a less destructive technique as
the ones mentioned previously is needed. Ideally the technique should not damage the
C. elegans embryo nor changes the boundary properties, such as shape and should be
able at the same time to measure or exert a known force directly on the spindle or
its components. For this purpose, the magnetic tweezers represent a good candidate.
Magnetic tweezers has been used to measure forces of molecules or large molecular
complexes in-vitro [159{161]. Despite the large use of this technique in in-vitro studies,
the magnetic tweezers were rst used in in-vivo studies as early as 1920s [162]. For
example, Francis Crick and Hughes attempted to measure the viscoelastic properties of
the cytoplasm in the early 1950s [163]. This technique is based in the manipulation of
magnetic probes under magnetic elds which are normally invisible for the biological
matter and therefore do not alter its properties [1]. Only using extremely high magnetic
elds could alter the mitotic spindle [164, 165] 1. The calibration of magnetic tweezers are
universal and do not depend in the material where they are performed, which means that
the calibration can be carried out of the cell and still be valid when the experiments are
conducted inside it. Additionally, the magnetic tweezers allows manipulating more than
one probe at the time as magnetic gradients act on all available probes simultaneously.
Finally, the forces that one exert in in-vivo inside cell can reach 2000 pN [82, 162, 166],
which is more than one order of magnitude the force that the optical tweezers can exert.
1The magnetic elds needed to aect spindles are several orders of magnitude above the magnetic
elds generated by the magnetic tweezers set-up used in this work.
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In summary, the magnetic tweezers technique seem to be the most suitable technique to
study the forces associated to the mitotic spindle inside the C. elegans embryo.
Despite the obvious advantages of the magnetic tweezers over the other techniques,
this approach also oer some limitations that are worth to be discussed, but in general
they can be tolerated for the measurement of the centering forces of the mitotic spindle
in the C. elegans embryo. In the magnetic tweezers, the time resolutions is limited
to the image acquisition as the relative position between magnetic probe and pole,
is the one that determines the force [82, 162, 166]. For the white eld illumination
systems, the time resolutions could be limited to 100-1000 Hz. Nevertheless, for the
uorescent systems the detection is limited to the uorescent signal of the mechanical
probe and the biological tissue and one can expect realistically time resolutions up to 30-
50 Hz. In this scenario, the optical tweezers have a clear advantage, over the magnetic
tweezers, but for the specic matter of this thesis, this time resolution limitation is
irrelevant as the dynamics of the spindle is not expected to be a relatively fast process
[121]2. The second limitation of this technique is that the force calibration depends on
the localization of the bead and this is limited by the optical resolution of the set-up.
Nevertheless, nowadays the spatial resolutions of the optical set-up can be easily down
to 10-30 nm when combined with a proper tracking analysis, which represents more
than the needed spatial resolution to study the centering mechanism3. This spatial
resolution is acceptable if one considers that the amplitudes of the relevant frequencies
of the spindle centering are not less than few hundreds nanometers [121]. The biggest
limitation of the magnetic tweezers in this case is that the uncertainty in the force
measurement can be large. This uncertainty comes from the fact that the calibration
depends on the variability of the beads (probes) populations size (see gure 3.4). As the
beads used for calibration are not the same beads used for experiments, one relies in the
distribution of size to calculate the measurement error [49, 162]4. However, this force
measurement may be comparable with or below the biological variability inherent in the
centering process with makes this a limitation but not a problem. Finally, magnetic
tweezers can oer a very limited maneuverability of the probe as they can only exert a
pulling behavior on the bead towards the magnetic tip. This is an important limitation
when compared with the optical tweezers. This limitation can be overcome by using
several small probes although this reduces the magnetic forces or the distances in which
the magnetic tweezers can be used [166]. Adjusting the orientation and the distance of
the bead relative to the magnetic tip position the bead to the desired position inside the
embryo and its eciency depends mostly in the ability of the user [49].
In summary the magnetic tweezers technique appears as a well-suitable technique to
measure-apply forces and manipulate structures inside the C. elegans embryo. Moreover
2The spindle movements are expected to be below 1 m=s and fast oscillations (3 Hz or more) are
irrelevant for spindle centering [121]
3Small amplitudes of the spindle (with fast frequencies), below the spatial resolution of the set-up
used in this thesis ( 15 nm), are not expected to be representatives of the centering process [121].
4An error of up to 10% can be expected in this thesis. See further sections of this chapter
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is seems to be very well suitable to study the centering forces of the mitotic spindle of the
C. elegans embryo. In the next section, I will describe more in detail the implementation
of the magnetic tweezers for the C. elegans embryo, making special attention in the
sources of error and limitations of the technique.
3.2.2 Magnetic tweezers set-up
There are a great variety of magnetic tweezers but all of them rely on the same principle.
Briey, a magnetic probe is directed through a magnetic eld gradient with a known force
towards a magnetic substrate or pole. The magnetic pole can be permanent magnets
in which case the force is always present or electromagnets in which the force can be
turn on and o at will. At the same time, the magnetic probe could be ferromagnetic or
(super)paramagnetic in which case the rst one would move under any magnetic eld by
the second one would only move along gradients of magnetic elds. In general, dierent
kinds of magnetic tweezers to study cells have been engineered. On one hand, magnetic
tweezers with several magnetic poles can be used to move magnetic probes in a several
directions [166] and those are the most versatile ones; however, they are limited by the
magnitude of force that can be applied. On the other hand, magnetic tweezers made of
one pole present the highest forces but the direction in which the magnetic probe can be
directed is limited. One alternative to overcome this problem is to use multipole setup
to generate high and alternating forces on the magnetic probe [167, 168].
Set-up overview
For the purpose of this thesis, I have expand an existent single-pole magnetic tweezer set-
up [49] to a two-pole set-up that gives a better and faster two-dimensional manipulation.
Additionally, a third probe was situated to gain an extra position manipulation on the
third axis. Although is a two-pole set-up, a single pole is used at the time during the
experiments to achieve high force magnitudes. An overview of the setup is shown in
the Figure 3.1. Briey, a current going through a coil, which is surrounding a high
permeability metal core (magnetic pole), creates the magnetic eld that is directed to
the tip of the magnetic pole where it creates a high magnetic eld gradient. In this
set-up, electromagnets allows fast tune of the force by tuning the coil current. In the
magnetic eld, superparamagnetic beads feel a strong attractive and distance-dependent
force towards the tip of the magnetic pole.
This set-up is mounted on an inverted Zeiss AxioVert 200M microscope equipped with a
motorized stage that allows easy manipulations of the magnetic probes on the top while
allowing a good imaging from the bottom. The position of each of the magnetic is con-
trolled by an InjectMan NI 2 micromanipulator (Eppendorf) attached to the microscope.
The micromanipulator allows the movements of up to 1500 m=s over distances of 3 cm
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Figure 3.1: Magnetic tweezers set-up. A. Diagram of the magnetic tweezers
set-up. Briey is composed of magnetic two tips (poles), which position is controlled
by micromanipulators. On each magnetic pole a solenoid coil, which drives a current
produces the magnetic eld. The set-up is located on an inverted microscope such
that the data acquisition is made by the bottom with a CCD camera. B. Magnetic
tweezers-set-up. IMm: Inject-Man NI2 micromanipulator. IMc: Inject-Man NI2 micro-
manipulator controller. St: Motorize stage. VIc: Voltage-current convertor. SM: Stage
controller. JCc: Joystick current controller. ixonc: iXon CCD camera (Andor). lumc:
Lumera CCD camera (Andor). C. Two magnetic tips (MP) with dierent approach
angles (30o and 45o) are positioned over the stage (St), which carries a rotating holder
(H ). D. A 63 water-immersion objective (ob) is used for the image acquisition. F.
The Z-magnetic pole (zMP) can be brought to the sample to pull the magnetic probes
downwards. The magnetic poles are let here as references, but during the experiment
the poles are retracted 2-3 cm upwards such that the magnetic eld of the zMP is the
dominant.
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with a 10 nm precision for the lower speeds (50-200 m=s ). Each of the magnetic poles
is made of MuMetall (Vacuumschmelze GmbH, Hanau) or HyMu-80 (Carpenter Tech-
nology, Reading, PA) as those two material present the best magnetic properties. The
magnetics poles have a diameter of 0.6 cm and a length of 12 cm approx. Each magnetic
probe used in this study were sharpen to an angle of 35-45 because it gives the best
force magnitudes [49]. Each probe was also annealed to increase the permeability of the
material and polish to eliminate small imperfections in their surface as described in [49].
Each magnetic probe is surround by a solenoid of coil with about 350 turns of 0.5 mm
copper wire on a Teon holder. The coil is connected to a custom-built voltage-controlled
current source, which generates the currents for the coil up to 3 A. This current source
is connect to a computer via a PCI-MIO-16E-4 DAQ card (National Instruments). The
microscope, the stage, the position of the tips and the current is controlled using a
self-built graphical user interface developed in the LabVIEW programming environment
(National Instruments, Austin, TX). Additionally, a permanent magnet with the shape
of a tip was positioned in the furthest position of the objective-revolver of the micro-
scope. For imaging, the inverted microscope was equipped with DIC optics, uorescence
(lter sets F46-002 for eGFP and F46-008 for Texas-Red, AHF analysentechnik) and
two cameras a back-illuminated Andor iXon+ 897 EMCCD camera (512512 pixels,
14-bit) and an Andor Luca R camera (10041002 pixels, 14-bit).
Two magnetic poles set-up
The magnetic tweezers set-up used in this work has two magnetic poles that are facing
each other. In the past, it has been shown that this conguration allows rapid oscillations
of the magnetic probes during the experiment. Nevertheless, as the magnetic probes and
poles are made of a magnetizable material a diculty arises. As for the magnetic poles,
the application of current to a single pole creates a gradient that reaches the second
pole, magnetizing it. In this sense, one cannot have a single pole that is magnetized
independently and not oscillation experiments as the ones showed by [168] are possible.
The second issue with this double magnetization of the poles is that the magnetic probe
cannot be directed to one of the poles at will. As the magnetic probes used in this work
are superparamagnetic beads, these probes follow the gradient despite the polarization
of the magnetic eld. To direct the beads to a single pole, it is necessary to localize
this bead relative to the two magnetics probes. This is obvious when a population of
beads are let free to move in the presence of two magnetic poles. The direction of the
movements of the beads is decided by the relative distance between the two magnetic
poles (see the gure 3.2). In conclusion, by using this set-up a control in the position
of the plane of the experiment is possible, as the sample can be placed at will, between
the two tips. The main limitation is the movement direction of the probes as they have
to be pace relatively between the two tips.
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Figure 3.2: Two magnetic poles magnetization eect. In the top maximum
projection of 1.0 m uorescent beads attracted by a single pole. In the bottom,
maximum projection of 1.0 m and 2.8 m attracted by a two poles. The beads are
attracted by the closest pole. In those experiments, 0.5 A were passed throughout the
right pole, the magnetization of the left pole is induced by the gradient of the right one.
Z-manipulation
Although the conguration of the two magnetic poles oers some manipulation of the
magnetic probe in the axis orthogonal to the plane of the experiment, this manipulation
is limited to only upward movements. The limitation comes from the fact that the
magnetic poles can only exert pull-like forces on the magnetic probes, and the magnetic
poles cannot go under the holder plane (see gure 3.1C-D). To overcome this problem, a
permanent magnetic pole was positioned in the microscope revolver of the microscope,
from now on this is called the z-magnetic pole (zMP), see gure 3.1F. This magnetic
pole can be brought under the sample for short periods of time (200-1000 ms) to pull
down the magnetic probe during the experiment. The amount the magnetic probe is
pulled down during the experiment depends on how much time the zMP is let under the
sample. As this zMP has the capacity to magnetize as well the other magnetic poles, it
is necessary to bring those far away (1-2 cm) before the zMP is brought into play. With
his renement some extra direction of manipulation of the magnetic probe is achieved
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but its eectivity during the experiment is limited to the speed by which the objective
and the zMP can be exchange.
3.2.3 Force Calibration
Force is calibrated using Stokes' law and is the result of an empirical procedure. Force-
distance curves are obtained by tracking the position of 1.0 and 2.8 m superparamag-
netic beads towards the magnetic pole in highly viscous (1050 mPa  s) mineral oil that
behaves as a Newtonian uid. The calibration relies in the fact that the whole procedure
is done in a low Reynolds number regime (Re << 1), and at this regime the velocity
of the moving bead is proportional to the drag force it experiences (Stokes' law). The
Reynolds number of a bead with a diameter of 1 m moving in a uid with a viscosity
similar to that of the calibration uid (1 Pa s) at a velocity of 1 mm=s is  10 6, which
is orders of magnitude above the upper limit of the experimentally observed velocities.
In this regime, Stoke's law applies and the force calibrations can be calculated using the
formula:
F = 6r (3.1)
where  is its viscosity of the uid, r is the diameter of the magnetic bead, and  is the
velocity at which the bead is moving.
Briey, the calibration protocol is as follows: magnetic beads are dispersed inside
PDMS chambers containing silicon oils used as viscosity standards (polydimethylsilox-
ane (PDMS, uncured), Brookeld, Middleboro, MA) with viscosities between 1001000
mPa  s calibrated to  1% by the manufacturer. Normally, a oil with a viscosity of
1050 mPa  s was used for the force calibrations. The beads used for this works were
1.0 m MyOne or 2.8 m Dynabeads from Invitrogen as they present the less dispersion
in size of the available commercial beads [49]. The magnetic tip is placed 50-100 m
from an isolated bead, which is more than 100 m above the surface to avoid boundary
problems. When ows in the chamber are not obvious 5, the image acquisition is started
and the magnetic force is applied. After the experiment, the bead position is tracked
using the MATLAB-based FIESTA software [145]. Using the velocity with which the
bead moves towards the magnetic probe the forces acting on the beads are calculated
from Stokes law and a force-velocity curve is generated. To characterize the force, a sum
of two exponential functions is tted to the force-distance curves. The parameters of
this function are store and used to calculate the force applied during the experiments.
Fantana (2011) [49] oers an explanation for this two decay lengths behavior of the
force calibration, he proposed that the bulk properties of the magnetic core determine
the force, while at small distances, the details of the tip shape become important for the
local magnetic eld distribution.
5it takes 5-10 minutes after the set-up has been mounted for the ows to disappear.
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Figure 3.3: Force-distance curve calibrations. A. The calibrations are done
normally using an isolated bead. Maximum projection of a 2:8 m bead towards the
tip using 1:0 A. B. Using 2:8 m beads forces of several thousand of pN are possible
when the bead are within 20 m form the tip and those forces are much more higher
when compared with the forces of 1:0 m bead (black). C. Force-distance calibration
curve for 1:0 m particles with 1:0 A. In red is the t of a double exponential model
applied to the data and used to calculate the forces. The working distances for the
experiments are normally between 20  70 m. More than 10 traces are superimposed
in this analysis.
Base on the force-distance calibration curves it is possible to see that the force depends
on the applied current applied to the solenoid coil and on the size of the particle (see
gure 3.3B). There is some saturation when voltages above 0.5 volts are applied. This
phenomenon could be due saturation of the magnetic pole when high currents are ap-
plied. Using 2.8 m beads forces up to 4000 pN are reached when the bead is at distances
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Figure 3.4: Magnetic beads size dispersion. Super paramagnetic beads (MyOne
and dynabeads) were dried o and visualized under a EM microscope. The dispersion
in size of each bead is presented for every group of beads. A. MyOne beads. B.
Dynabeads.
of 10 m from the magnetic pole in comparison with the 250 pN reached using 1.0 m
beads. When the applied voltage is increased, higher forces can be applied but the un-
certainty of the force-distance curves increases signicantly, specially when the distances
bead-pole are smaller than 50 m using 2.8 m particles and voltages of 0.5-1.0 volts
and smaller of 20 m for 0.15-0.25 volts (see gure 3.3B). The uncertainty of the force-
distance curves using 1.0 m beads and 1.0 volts was even smaller than those using 2.8
m beads and 0.15 Volts. This can be explained because the dispersion for the smaller
beads is signicantly smaller than for the larger beads (see gure 3.4) and the dispersion
of the size in the population of beads is an important error source as the calibrations are
done using Stokes' law which calculate the force based on the bead size. This work was
mainly done using 1.0 m beads otherwise specically stated. In summary, when high
forces are needed big superparamagnetic beads can be used but it comes to the expense
of a higher uncertainty in the applied force.
Error sources on the calibration
The main source of error during the calibration is the variability in size and magnetic
content in the population of beads. The standard deviation for the radius of the beads is
about of 1.7 % and 1.9 % for the 1.0 m and 2.8 m beads respectively (see gure 3.4),
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Figure 3.5: Labbel 2.8 m dynabeads]. Left: Beads in DIC microscopy. Center:
beads under the 'GFP' channel. Right: beads under the 'Texas-red' channel. The GFP
and Texas-red channels make reference to the channels used to image the GFP signal
of the C. elegans embryos.
which is very close to the 2% value provided by the manufacturer. By tting each curve
it is possible to estimate that the error of the force measurement for the 1.0 m beads
is around of 5% above distances bead-tip of 20 m, which is expected by the variance of
size of 2% that the beads have [49]. This value is very close to the value of 6% calculated
in this work over the distances where the experiments are normally performed (40-60
m). These errors are smaller as the ones reported before (up to 28% addition to the
overall error [162]) for a similar set-up as the uncertainty in the size of the used beads
is much more smaller.
Other sources of error at the calibration are: i. Change of the viscosity properties of
the calibration oil due local heating during the experiment, which can give rise to a
change in the calibration of 3-5% for each Kelvin and contribute 5% to the overall error
[49]; ii. Errors in the position of the bead and the tip. Error in the position can be
estimated to be about  15 nm and  140 nm for the bead and the tip, respectively.
This uncertainty in the position gives rise to small calibration errors (<1%) and can be
ignored. These errors are smaller as the ones reported before (up to 20% [162]) for a
similar set-up as the uncertainty on the position of the bead is much more smaller.
In summary an error up to 15% can be expected for the distance-force calibrations,
which can be compared to the variability of the biological systems, making it a tolerable
error.
3.3 Bead surface coating
As the experiments in this work rely on the proper localization of the magnetic beads
into the C. elegans embryo while visualizing the internal cellular structures simulta-
neously as the centrosomes and/or spindles expressing uorescent fusion proteins, the
magnetic beads used in this work were coated with uorescent dyes and polyethylene
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Table 3.1: Functional groups PEG and dye ratios
Beads Labelling ratio mPEG-NH2 Alexa dye 488 Alexa dye 568 Ratio
(200 ul) (-COOH:PEG:Alexa) (30 mM) (6 mM) (6 mM) Alexa:PEG
1.0 m MyOne 1 : 9.5 : 0.05 370 l 10 l 10 l 82.5:1
2.8 m Dynabead 1 : 9.5 : 0.05 370 l 15 l 15 l 54.4:1
glycol (PEG). The beads were coated with amine-terminated methoxy-polyethylene gly-
col (mPEG-NH2) with a molecular mass of 750 Da and with carboxylic acid-reactive
Alexa Fluor dyes (Alexa Fluor 488 and 568 cadaverine, Invitrogen) as described by [49]
and following the ratios presented in the table 3.1. The protocol follows the carbodi-
imide coupling reaction, which involves a two-step procedure using EDC (1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride) and sulfo-NHS (N- hydroxysulfosuc-
cinimide). The coating of PEG reduces nonspecic protein adsorption, resulting in inert
and highly hydrophilic surfaces [169, 170] while the Alexa dyes provides the signal to
easy localization of the beads during the experiment.
3.4 Bead internalization
In order to manipulate intracellular structures inside the C. elegans embryos, the mag-
netic probes, which are the handles of the experiment have to be internalize into the
cytoplasm of the cell. To achieve this, direct injection or bombardment of the C. elegans
worm was performed.
3.4.1 Injection of the adult worm
Internalize beads into embryos is challenging as the C. elegans embryos are small and
fragile to injection. Additionally, the egg-shell that surround the embryos makes the
injection not feasible. To overcome this challenge, direct injection of beads to the gonad
of the worm was performed. This technique has proven to be very successful to internalize
genetic material into the embryos since was rst developed by Kimble and collaborators
in the 1980s [171] and proven later to be a very eective method for DNA transformation
in the worm [172]. This approach was rst proven by Daniels and collaborators and
latter improve to increase the size of particles that can be internalize into the worms
by Fantana(2011) and Brutchatz (2012) [49, 173]. This latter improvement is very
important as only magnetic beads with a sucient big size can exert large forces (see
section 3.2.3) [49, 162]. The upper limit of particles that can be internalize using this
technique is  2.0 m, although internalization of particles of this size has proven to be
very dicult (see gure 3.6). Several protocols for injection are available in the literature
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Figure 3.6: Internalization of magnetic beads by injection. From left to right:
Worm beads injection (Kindly provided by Dr. Horatiu Fantana); 2.0 m polystyrene
beads internalized by injection (Kindly provided by Christian Bruchatz); 1.0 m mag-
netic beads internalized by injection under DIC and GFP uorescent channel.
[172, 174, 175], to access an extensive protocol of bead injection used in this thesis refer
to [49]. Finally, it is worth to mention that very recently, it has been show that direct
injection of the embryos is possible but the size of the particles is limited to 100 nm and
magnetic particles of this size cannot overcome the forces needed to study the entering
forces of the mitotic spindle. By using this technique, I managed to internalize 1.0 m
beads in the embryo (see gure 3.6) with an eciency of up to 10% after 3-5 hours
of incubation after injection. As this technique eciency depends highly on the skills
of the user, this 10% eciency can vary signicantly. In summary, direct injection of
the gonad is a suitable technique to internalize magnetic beads of up to 1.0 m in size
into the C. elegans embryos, but its limitation are its low eciency and the extensive
training the user has to overcome.
3.4.2 Bombardment of the adult worm
Injection of small beads can eectively internalize small beads into the C. elegans em-
bryos, but the forces that those small beads can exert are limited to few hundreds of
pN (see gure 3.3). To exert larges forces as the ones needed to study oscillation of the
mitotic spindle during anaphase, larger beads, which can exert larges forces, need to be
internalized into the C. elegans embryos. In order to internalize large magnetic beads
into the C. elegans embryos, the biobalistic technique (bombardment) was explore as
an alternative to injection. Bombardment of particles has been widely explore to inter-
nalize particle carrying exogenous DNA, it was rst implemented for plants to latter be
implemented for animal cell and tissues and most important C. elegans [174]. Briey,
this technique accelerates particles by a pneumatic dispositive that impact against the
living cells. Because of the momentum the particles have, they can easily overcome cell
walls of plants or the tick cuticle of the C. elegans adult worm. This technique uses
normally heavy metals particle such as tungsten or gold beads of 1.0 m in diameter to
reach the necessary momentum needed to overcome the previous mentioned boundaries.
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This momentum is the rst limitation of this technique, as the magnetic beads used in
this work are made of polystyrene, which have similar density of water. The momentum
that those particles have is low and for many of the small magnetic beads (less than 1
m) is not enough to penetrate trough the cuticle of an adult worm. To overcome this
problem, 2.8 m particles (Dynabeads, Invitrogen) were used, which are heavier than
the 1.0 m beads used for injection. Additionally, to achieve a better acceleration, a
gene gun with vacuum capabilities was used. Using this technique it was possible to
internalize 2.8 m particles into the adult worms, those particles were found across the
whole adult worm and not preferential site into the worm was detected (see gure 3.7).
The eciency of the technique was estimated to be zero for 1.0 m beads and less than
1% for 2.8 m beads, making this technique also a very intensive labor approach.
Bombardment of magnetic beads protocol
The bombardment protocol use in this work is very similar to the one described by
Merrit and Seydous (2010) [176] with some modications. The worms are synchronise 3
days before bombardment as described in [176]. On the day of the bombardment 3 plates
of young adults worms are washed out and placed onto a new agar plate that has been
previously cool down (1-2oC)6 After bombardment using a scalpel section of the agar
with worms are distributed on MGM plates previously seeded with E. coli (op50). The
beads were placed on drops of  0.3 l on the gene gun holder to a maximum volume
of 15 l (normally 10 l was used) and let dry at 37oC. The beads have a concentration
similar to the original manufacturer concentration and 0.01% of tween 20 was added to
reduce supercial tension of solution. The gene guns used in this study were the PDS-
1000/He System from BioRad and the gene-gun form Pharmacia (Gottingen, Germany).
The parameters used are shown in the table 3.2. The worms were let to recover approx.
45 min at 22C before they were screened for beads.
This protocol was successfully applied to internalized 2.8 m particles into the C. elegans
embryos. Beads into the embryos were found as soon as 10 min post bombardment and
as late as 7 hours after it. Normally between 200-500 worms were bombardment each
time and around 100 were screened for beads. From the 100 worms screened, around
of 10-20 would have beads inside embryos at some stage but at most as one worm
would have beads inside single-cell embryos. When the bombardment was successfully
performed, the beads would lie through the whole body of the animal and many beads
would localize inside the gonad, oocytes or directly into the embryos (see gure 1.4).
Base on those numbers the eciency of the bombardment is estimated to be less than 1%
making this approach a very laborious one, which is possibly its biggest disadvantage.
6The plate is cooled down to avoid the worms crawling outside of the central region of the bombard-
ment plate.
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Table 3.2: Parameters used for the gene gun
Biorad Gene-gun Pharmacia Gene-gun
Parameters MyOne Dynabeads Parameters MyOne Dynabeads
P - d (1.0 m) (2.8 m) P (1.0 m) (2.8 m)
750psi-4.5cm no no 8-9 bars no No
1350psi-4.5cm no no 10 bars NA yes
(few beads inside)
1350psi-2.5cm no no 11 bars NA yes
2000psi-2.5cm no yes 12-13 bars NA yes
(20% mortality) (10% mortality)
2200psi-2.5cm NA yes 13.5 bars NA yes
(50-70% mortality) (60-70% mortality)
3.4.3 Injection vs. Bombardment
In this thesis two dierent ways of internalizing magnetic beads were explored. Injection
of single worms is very laborious and requires a good level of training as single worms has
to be injected at the time. Using this technique up to 10-20 worms can be injected within
2 hours, with a maximum probability of nding a single cell embryo with bead(s) of 10%
after 3-5 hours post injection. On the other hand, bombardment do not require a special
training and hundreds of worms can be bombarded in few minutes, the real work relies
in the level of screening that is necessary to nd C. elegans embryos with beads after
bombardment. Several tens of worms have to be dissected to nd embryos with bead(s)
and many worms do not survive the procedure. This problem can be overcome using
more sophisticated methods of bombardment where single organism can be bombarded
easier as previously proposed [177]. In summary, both methods are very laborious and
some improvement is required. Injections are the choice to internalize small particles of
up to 1 m in size while bombardment is the choice to internalize big particles such as
2.8 m beads.
3.5 Bead manipulation and imaging inside the C. elegans
embryos
Once the bead is internalized in the C. elegans embryo, it is necessary to manipulate
its position inside the cell to nally target the mitotic spindle and it also necessary to
do a proper imaging of the bead-spindle to gain as much information as possible. In
this section, it is described rst how the embryos were mount, then described how the
manipulation of the bead was done inside the C. elegans embryo and nally how the
signal of the experiments were processed.
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50 μm
25 μm
Figure 3.7: Bombardment of 2.8 m beads in the C. elegans worms. After
bombardment the 2.8 m beads can lie directly on the embryos or on the gonad. The
presence of big magnetic beads does not alter the normal development of the worms,
which develop and hatch with magnetic beads randomly positioned in their bodies.
3.5.1 Mounting of embryos
To measure the centering forces of the mitotic spindle of the C. elegans embryo it is
necessary to have a well-dened boundary for the spindle to exert force against to (see
section 1.4). The collection of the cortex, membrane and most importantly the eggshell
of the C. elegans embryo provide this boundary. Nevertheless, when an external force
is applied inside the cell this force is distributed through the embryo an in the absence
of an external substrate the embryo would move together with the bead. Inside the
worm this is not a problem as the worm body acts as an external substrate due to its
large dimension compare to the embryo, but outside of the worm there is any external
substrate that would make the embryo stood in place. For this reason, it is necessary to
proportionate an external substrate where the embryo could lie and maintain its position.
One possibility is to embed the embryo in a medium such as agarose but this mounting
is not compatible with the magnetic tweezers set-up, which need the magnetic probes to
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be very close to the magnetic probe (less then 100 m). To achieve a good substrate
in a open environment where the tips can reach easily the vicinity of the embryos, the
embryos were glue to a cover slide using Cell-Tak. In this montage, the embryos are
localizes onto cured region of Cell-tak, which is in direct contact with the egg-shell that
is highly resistant to deformations (see gure 4.1). Using this method forces of several
nanonewtons can be applied to the embryo without visible deformations 7.
Mounting protocol For the experiments the embryos were mounted as described by
Fantana (2011) [49]. Injected worms were dissected in EB buer (10 mM Tris Cl, pH
8.5, Qiagen-Invitrogen) after 3-7 hours post-injection. Each dissection was inspected for
embryos containing magnetic beads under brighteld illumination using a 20 objective.
Embryos with beads were collected using a mouth pipette pre-lled with EB buer and
transferred on a cover slide that was pre-coated with Cell-Tak (see below). Once the
embryo was rmly attached on the CellTak, it was covered with 50100 l drop of EB
before being placed on the magnetic tweezer.
Cell-Tak glass slides A 0.2-0.5 l drop of the Cell-Tak stock solution (2.50 mg/ml
in 5% acetic acid, BD Biosciences) was place directly on the center of a 2222 mm
coverslip. A circle of about 0.5-1.0 cm in radius was drawn around the area with a
PAP hydrophobic pen (Sigma). After the cell-tak solution evaporated, the slides were
washed rst with ethanol and then with distilled water and dried with nitrogen airow,
just before the experiment or on the same day of it. The slides not treated with ethanol-
water can be let stand for up to 7 days and still be functional.
3.5.2 Bead manipulation inside the C. elegans embryos
Once the bead is internalized in the C. elegans embryo, it is necessary to manipulate
its position inside the cell to nally target the mitotic spindle. To achieve this, the
relative position between the magnetic probes (magnetic bead) and the magnetic poles
(magnetic tips) has to be changed. There are several ways to perform this task and they
are classied mostly in the way the dierent moving parts of the magnetic tweezers are
manipulated.
3.5.3 2D manipulation
A single magnetic pole and a moving-rotating sample In the simplest scenario,
the magnetic tweezers set-up only has a single magnetic pole. To localize the bead in
place, one could move the tip or the sample just that the pulling force points towards
the desired location having in mind the direction lines presented in the Figure 3.2. As
7Forces of  2500 pN were applied to the egg-shell but no deformations were seen. Data not shown.
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the force can only be applied towards the tip, is not possible to move the bead in the
opposite direction. To circumvent this diculty, one could rotate the embryo 1800 using
the rotating stage of the set-up (see gure 3.1C). The problem with this approach is
that it is time consuming as the embryo rarely sits in the rotation axis of the stage and
it is necessary to recover the position where the embryo sits after rotation. Additionally,
the tip has to be withdraw from the sample in each rotation even to avoid damage.
Two static magnetic poles and a moving stage Using two magnetic poles facili-
tates the manipulation of the bead as the sample do not have to be rotated and as the
tips do not have to be withdraw. In this scenario, the tips are kept static and the sample
is moved by manipulating the position control of the stage (see gure 3.8). In case the
bead wants to be moved towards one of the tips, the bead has to be localised closer to
this one as the direction of the magnetic bead in the presence of two tips depends on its
relative position (see gure 3.2).
Hybrid methods In a more complex scenario one could move all the components
simultaneously to localized the bead in the desired position. In the light of my expe-
rience, performing this work is dicult as many pieces have to be considered and one
may crash moving parts with each other.
3.5.4 3D manipulation
In all the previous cases the movement of the bead is done in a single plane, but in
most of the cases (almost all of them) the magnetic bead is not in the same plane of
the structure one would like to target. This situation is of special attention given the
geometry of the C. elegans embryo as the two axis that are orthogonal to the A-P axis
have dimension of 30 m each, but the spindle is center in both of them. To have a
good manipulation, it is necessary to bring the bead to the plane where the spindle is.
Only when this has been achieved the manipulation previously mention can take place.
To bring the bead on the spindle's plane, the magnetic tweezers oer two solutions.
In case the bead is above the spindle's plane, the bead can be pulled down using the
z-magnetic pole (zMP) localized on the set-up (see section 3.2.2). In case the magnetic
bead is under the spindle's plane, one or both tips can be localized 10-50 m above
the plane where the bead to pull the bead up while moving the bead simultaneously to
its target zone.
In summary the localization of the magnetic beads can be done by changing the relative
distance between the magnetic probe and pole. But this process is far to be automated
as the movements are complex and the targeting of any intracellular structure using the
magnetic tweezers remains a try-error process.
74
3.5. Bead manipulation and imaging inside the C. elegans embryos
10 μm
1 
se
co
nd 10 μm
1.
2.
3.
4.
5.
I
Figure 3.8: Bead manipulation inside the C. elegans embryo. A 2.8 m bead
is manipulated inside a multicellular C. elegans embryo. On the left the kymograph
show the position of the bead during the experiment, while on the right snapshots of the
experiment are shown. The regions in yellow represent the times when the current was
on. the arrows in the top show in blue the boundaries of the cell in green the bead and
in red the magnetic poles. When current is applied, the bead moves towards the closer
pole. In order to change the relative distance bead-pole, the embryo is move using the
motorize stage. The left sharp tip produces small forces and the bead does not move
much when the current is applied on the other hand, the bead moves drastically over
the left when a current is applied as the right tip is blunt and can produce higher forces.
To see a clear explanation of this phenomenon, see [49].
3.5.5 Microscopy and Image analysis
Image acquisition
The C. elegans embryos were imaged at a temperature of 2123C on a AxioVert 200M in-
verted microscope(Zeiss) using a 63 1.2 NA C-Apochromat water immersion objective
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Figure 3.9: Bead and centrosome tracking. The tracking of the bead and the
centrosome is done such that a Gaussian t the signal coming form the bead ant the
centrosome over a background that follows the description for a tilted two-dimensional
parabola. First a region of B. is selected (A.) and then the tracking is done using the
uorescent signal (C.) with the model provided by the equations 3.2 and 3.3.
(Ref: 441777-9970-000, Zeiss). The microscope was equipped with DIC and uores-
cence (lter sets F46-002 for eGFP and F46-008 for Texas-Red, AHF analysentechnik)
lter cubes. The sample was localized on a Zeiss motorized stage. For image acqui-
sition, a back-illuminated Andor iXon+ 897 EMCCD camera (512512 pixels, 14-bit)
and an Andor Luca R camera (10041002 pixels, 14-bit) was used. Both cameras were
controlled by home-written graphic interphase (LabVIEW, National Instruments). For
some experiments, an 1.6X optovar was used to match an image amplication of 100.
Image data was streamed to a fast hard disk (10 000 rpm, Western Digital) at frame
rates of 10-31 fps (iXon or luca, full frame, no binning).
Image data analysis
Image processing was done using Fiji (http://pacic.mpi-cbg.de), an environment for
analysis of biological related images based on ImageJ (Wayne Rasband, NIH, USA,
http://imagej.nih.gov/ij), and MATLAB (The MathWorks). The MATLAB-based FI-
ESTA software [145] was used for the bead tracking in the calibration experiments.
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Bead and centrosome tracking
In the perturbation of the centrosome position with the magnetic bead, the position of
those two elements has to be tracked to achieve more quantitative measurements. To do
the tracking, a two symmetrical Gaussian model was tted to the signal coming from
the -tubulin GFP of the centrosome and to the uorescent signal out of the Alexa dye
of the bead [49] (see gure 3.9C). As the signal of the histone GFP is higher than the
one coming from the centrosome, the original image (containing the whole embryo) was
cropped as the signal of the histone can be confused with the signal of the bead or the
centrosome (see gure 3.9A). The reduction of the image size by crooping also decreases
signicantly the tting time, which increases with the square of the image area. The
crop of the image was done such that the long axis of the cropped image was orthogonal
to the A-P axis of the embryo. To the long axis of the image, a parabola-like function
was tted while that for the short axis of the image a titled plane function was tted.
Additionally, the background of the image was tted to a parabola trying to emulate the
uorescent background of the embryo (see gure 3.9C). The tting model is expressed in
the equation 3.2, where x and y values represents the coordinates of the position of the
bead(b) and the centrosome(c) while i represents its width and the Ii the intensities.
The non uniform background (bkg) of the equation 3.2 was tted to the model represent
by the equation 3.3, where a and b are the parameters of the parabola in the x-axis, m
is the slope of intensity in the y-axis and I0 is the sum of the base line for the parabola
and the linear t.
I(x; y) = Icexp

 (x  xc)
2 + (y   yc)2
22c

+ Ibexp

 (x  xb)
2 + (y   yb)2
22b

+ bkg
(3.2)
bkg = I(x; y) = ax2 + bx+my + I0 (3.3)
The tting of the image supposes that there are always two signals, the bead and the
centrosome signal. In some experiments, the bead or the centrosome (more frequently
the bead) could be out of focus for some frames (1-10 frames). To improve this, a velocity
and goodness of the tting parameters was set-up in the analysis. If the conditions were
not fulll the position(s) of the element were inferred by spline quadratic interpolation.
3.5.6 Gene silencing by RNA interference
Gene silencing by RNA interference (RNAi) technique is base in the fact that living
organism have an internal mechanism to control levels of protein expression by control-
ling the levels of mRNA available in the cytoplasm. One can 'hijack' this mechanism
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Table 3.3: E. coli RNAi strains
Gene name Gene / sequence ID Library
gpr-1/2 F22B7.13 Ahringer
klp-7 K11D9.1a Ahringer
fzy-1 F22B5.7 Ahringer
dli-1 C39E9.14 Ahringer
efa-6 Y55D9A.1 Ahringer
dyrb-1 Cel.18235 Ahringer
zyg-9 F22B5.7 Ahringer
in the C. elegans by injecting directly double-stranded RNA (dsRNA) that has as a
consequence the reduction of expression of targeted proteins. Since the discovery of the
RNAi technique in 1988 [178], it has been widely used for the study of not only C. ele-
gans but an extensively variety of organism. Being able to reduce the amount of protein
allows to investigate the roles that dierent molecules have in the studied process. In
C. elegans , one can expect to reduce in a 95% the amount of protein in about of 2448
hours after introduction of the dsRNA [62]. For the present thesis, this technique was
used in order to target genes that act on the spindle of the C. elegans embryo. In this
way, I can test how the reduction in the amount of dierent molecular players aect the
centering forces of the mitotic spindle in the C. elegans embryo. Using this technique
together with the microtubule characterisation it was possible to determine how each
of the studied molecular player act on the boundary conditions and other properties of
the microtubules of the C. elegans embryo during mitosis. The specication inherent to
each gene would be described in the further chapters.
RNAi interference protocol
There are three ways to interfere with the gene translation in the C. elegans: RNAi by
injection, soaking or feeding. Although microinjection of dsRNA is very reliable to reduce
the protein levels, it was not chosen as the worm are susceptible to this procedure and is
non-compatible with bead internalization by injection because it means the worm would
have to be injected twice at dierent periods of time. RNAi by soaking is very laborious
and is preferred when large numbers of worms have to be targeted simultaneously. On the
other hand, RNAi by feeding was chosen for the present work as large amounts of worms
can be targeted (although, not as much as RNAi by soaking) and can produce as strong
results as RNAi injection, although with more variability [175, 179]. Briey, RNAi by
feeding base its principle in feeding the worm with a E. coli strain, which is expressing
a DNA specically against the target protein in the C. elegans. The E. coli used in
this work is the strain HT115(DE3) that contains an IPTG-inducible phage T7 RNA
polymerase and lacks the double-strand-specic RNase III that avoids the degradation
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10 µm
Figure 3.10: Centering analysis with a 5% tolerance. Left: the metaphase can
occur even before rotation can occur (as oscillation: data not shown). Center: Spindle
center in the two axis with a tolerance of  5% of the width and length of the embryo
(perfect centering). Right: The spindle only center in the transverse axis on the A-P
axis.
of the expressed DNA. When the worms ingest the E. coli strain, the bacteria is lysed
and dsRNA is released and absorbed in the gut to them be distributed throughout the
worm [179, 180].
The protocol for RNAi feeding of C. elegans used in this thesis is as follows: frozen
bacterial clones were streaked on LB agar plates (100 g/ml ampicillin and 10 g/ml
tetracycline) and incubated overnight at 37oC. A single colony was inoculated in 50 ml
LB medium containing 100 g/ml ampicillin and let grown for 68 hours at 180 rpm
at 37oC. The culture was centrifuged at 4000 rpm for 12 minutes and washed twice in
LB. The bacterial was resuspended in an equal amount of LB as the 6-8 hours culture
(approx. 50 ml). Later, 200 l were used to inoculate small feeding plates (NGM with
1 mM IPTG and 25 g/ml carbenicillin) and let induce overnight at 22 oC. The worms
were let for 24-48 hours in the plates to let the proteins level decrease4d by RNAi.
Each gene (or combination of genes) has their own specications of feeding and they are
described in the further chapters. The E. coli strains used in this work are presented in
the table 3.3.
3.6 Spindle centering timing during the cell division of the
C. elegans embryo
The positioning of the spindle in the cell center is key for the force measurement of
the centering forces of the spindle. As mentioned before, is just in metaphase when
one can expect a true equilibrium of forces and is this mitosis stage the one that would
be mainly used in this thesis to measure the forces associated to spindle centering in
the C. elegans embryo. The cell division text book denition for C. elegans division
says that after rotation the NEBD happens and the embryo enters in metaphase, but
in reality the C. elegans single cell division are much more variable that this denitions
and it is important to clarify that metaphase does not mean always centering and that
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this state can occur even when the spindle is not center (see gure 3.10 Left). Many
times it was observed that metaphase occurred before the spindle rotate or in some
cases very fast embryos center even before the NEBD happens. Another example of this
heterogeneity in the cell divisions is that oscillations can begin even when the spindle is
still in metaphase.
Study this variability have two objectives: 1. As the measurement of centering forces
of the spindle relies in the fact that the perturbation experiment have to be done when
the spindle is in the center, it is desirable to know how much time is available to localise
the bead and for how long the force can be measured before the centered spindle in
metaphase enters in anaphase or oscillations. 2. This measured time can give us insight
of what are the eects that dierent RNAi treatments have on the time the spindle
requires to nd its center and the time that the spindle remains in the center, i.e. a
larger time in the center can be interpreted as a condition where the centering mechanism
is working property on the other hand, a condition where the spindle fails to nd the
center or center for short periods of time may indicate that the centering mechanism have
been aected. Quantifying the centering timing could answer the following questions:
how long a spindle in metaphase stays in the center? With which frequency the spindle
begins oscillation when the spindle is still in metaphase? How long after the formation
of the metaphase plate the spindle enters in anaphase?, between others.
In order to do a quantication the mitotic spindle timing a registration were done of the
checkpoints: NEBD, metaphase plate, onset of oscillations and anaphase. Additionally,
the time that the spindle sits in the cell center was register. It was considered that the
spindle is in perfect centering if both centrosomes remain in a tolerance region of 5% of
the width of the embryo and if the metaphase plate remains also in a tolerance region of
5% of the length of the embryo (see gure 3.11-middle). If both centrosomes remain in
the tolerance region but the metaphase plate does not, it is just considered center along
the A-P axis (see gure 3.11-right).
The cell maintains it metaphase state for  63 seconds but from those only  31 sec-
onds it maintains its center position in the along the A-P center and only  8 seconds
maintains its centering position in both axis and with only a fraction of those embryos
reaching that position ( 29%). From this data it is possible to state that metaphase
does not mean necessary centering, that the state of perfect centering where all the
forces are expected to be in balance in the spindle is very transient and is only reached
by few embryos. Additionally, the fact that the time metaphase to oscillations is shorter
than the time in metaphase, indicates that half of the embryos would be oscillating
when they are still in metaphase within the last  15 seconds of the metaphase state,
which conrm the idea that metaphase does not mean necessarily centering and that
oscillations does not necessarily occur after anaphase onset.
For the measurements of the centering forces it means that those experiments are dicult
to carried out in the state where the forces are balances in both axis. In practice, it is
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Figure 3.11: Timing characterization of the C. elegans cell division. In blue
the 95% condence interval, in red the std, red line is the mean and the green dots are
the data of single embryos.
possible to run the experiments perpendicular to the A-P axis as the centering (balance
of forces) is longer in this axis (see gure 3.11 yellow stripe). Additionally this state is
reached by the embryos more frequently ( 87 %) compare to the perfect centering (
29%). Normally, the spindle within the embryo moves fast towards the posterior after
the metaphase plate has been formed remaining a small fraction of time center in both
axes (see gure 3.11 & 5.3). Cortical pulling forces that are concentrated in the posterior
of the embryo [66, 67] possibly mediate this posterior movement. Additionally, it has
been proposed that after the formation of metaphase plate there is a molecular timer
that indicates the embryos when to enter to anaphase and possibly activate the pulling
forces [140]. Additionally, to the fact that the bias along the A-P axis is more obvious
than the one in the transverse axis tell us that the dierence in cortical pulling forces is
higher between the A-P poles of the embryo rather than the lateral sites of the embryo.
Only when the cortical pulling forces reaches a threshold an unbalance of the forces in
the lateral sites of the embryo become obvious through oscillations [89].
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Table 3.4: C. elegans Worm strains
Name Phenotype Temp. Reference
N2 Bristol Wild type 20-22C
TH30 -tubulin::GFP and histone-H2B::GFP 22C [181]
XA3501 -tubulin::GFP and histone-H2B::GFP 22C [182]
TH27 -tubulin::GFP 22C [183]
AZ244 -tubulin::GFP 22C [184]
TH66 EB2::GFP 25C [71]
3.7 Worm culture, strains and RNA interference
3.7.1 Worm culture and strains
C. elegans worm strains were maintained and handled following the standard protocols
[118, 179]. Worms were cultured on Nematode Growth Medium (NGM) agar plates
of 5 cm and seeded with the uracil auxotroph E. coli strain OP50 as a food source
or HT115(DE3) for RNA interference technique. All strains were grown in a range
of temperatures of 22-25oC, the specic used temperature depends on the strain and
protocol. The worm strains were used in this work are presented in the table 3.4.
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Centering force of the mitotic spindle
in metaphase of the C. elegans
embryo
T
he centering forces of the spindle during cell division reect
the molecular mechanism that drives this process. This chapter de-
scribes the magnitudes of the forces needed to displace the spindle of
a single-cell C. elegans embryo during metaphase which represent the forces
of the centering mechanism. The centering mechanism is characterized by
the stiness and drag coecient. Finally, this chapter sets-up the ground to
execute and interpret the results of the `position perturbation experiments',
which is important to understand the results of the chapters to come.
4.1 Introduction: probing the centering mechanism
The centering mechanism of the mitotic spindle can be dened as the process or group
of processes that maintain actively the spindle in the cell center during cell division (see
section 3.6). This process is necessary for the correct alignment and segregation of the
chromosomes and correct positioning of the division furrow. In the C. elegans embryo
the centering is remarkable as the spindle began to be assembled away from the cell
center and during its formation, it moves in place. This movement is thought to be
active (driven by energy consumption i.e. ATP) as it is too precise and directional to
be explained by random organization of the cytoplasm. The centering of the mitotic
spindle has to be a process that measures and corrects its position constantly, as the
internal part of the cell is constantly moving, the spindle is constantly under forces that
if left to act freely (without a centering mechanism) would take the spindle o-center.
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The mechanism is thought to occur by a balance of forces (see section 1.4) that ensure
a rapid correction of the mitotic spindle's position in case it moves o-center. Under
this premise, if a mitotic spindle is put o-force balance (o-center) by the application
of a external force (load), it should try to recover its original position once the force is
not longer present. The force necessary to displace the spindle o-center should equal
the restoring force and therefore the measurement of such forces should give us an
insight of what are the underlying centering mechanisms. Additionally, the movement
of the spindle under load should tell us how the centering force changes in function
of position, which could be more relevant to distinguish between dierent centering
mechanisms. Finally, the magnitude of those forces should give us an idea of the number
of centering entities inside the cell, which may contribute to the centering mechanism.
This chapter explains how the spindle of the C. elegans embryo is put o force balance
by the application of external forces and it provides answers to the questions: what are
the magnitudes of such forces? what is the behavior of the spindle under load? and
what does this experiment tell us about the centering mechanism?
4.2 Application of force on the mitotic spindle of the C.
elegans
To apply a force (load) on the mitotic spindle 1.0 m bead(s) were internalized inside
C. elegans embryos and located next to one of the centrosomes (normally the anterior)
of the spindle to then push the spindle with a known force. To apply the forces, a
home-built magnetic tweezers was used, for technical details see the chapter 3. To exert
the forces on the spindle, a magnetic bead was localized, such that the centrosome was
located between the bead and the magnetic pole as shown in the gure 4.1. When the
current is turned on, the bead would feel the magnetic gradient and try to move towards
the magnetic pole pushing the centrosome in the process. If the magnetic force is high
enough the whole spindle would be dragged together with the bead and the position of
the centrosome would act as a witness(probe) of this displacement. From now on, this
experiment would be named the position perturbation experiment.
4.2.1 The position perturbation experiment
It is possible to distinguish characteristic behaviors every time the position perturbation
experiment is carried out (see gure 4.2). Normally, when the force was turned on, the
bead rapidly moved towards the centrosome in an accelerated-decelerated fashion. This
change in bead velocity is possibly because the array microtubules is denser close to the
centrosome, which provide a major friction for the bead. Once the bead reached the
proximity of the centrosome, the centrosome-bead distance was maintained to an almost
constant value, which may be taken as evidence of contact with the centrosome, this
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Figure 4.1: Position perturbation experiment set-up. The C. elegans embryo
is situated on a cover glass and onto an inverted microscope and it is attached to the
cover glass by cell-Tak. To position the bead next to the centrosome, the long axis
(A-P axis) of the embryo is located such that this axis is orthogonal to the axis formed
by the two magnetic poles (small right-top diagram). After the bead is next to the
centrosome, one magnetic probe is withdrawn, such that the axis of the remaining tip
form a straight line with the bead and the centrosome. The magnetic tip is located 
30-100 m away from the embryo and  15-20 m above the cover glass such that is
in the same plane as the plane formed by the A-P and transverse axis.
distance was normally  2 m (see section 4.5). After the centrosome-bead contact have
been established, the force was transmitted to the centrosome and its position began to
change, moving away from the A-P axis. At the beginning, its movement presented a
constant velocity, but after 1-2 seconds it soon decelerated (see gure 4.2). This rst
observation is important as it indicates that the centering forces depend on the position
of the spindle and not a constant force can be assumed for the centering force. The
forces were applied for a length of 10-20 seconds. When the force was turned-o, the
centrosome began to return back (almost without delay) towards its initial position.
Moreover, this movement was fast at the beginning to latter decelerates almost in the
same fashion as it did when it was moving away from the A-P axis. This observation is
the clearest evidence that there is a centering mechanism that tries to return the position
of the spindle towards the cell center after a position perturbation has occurred.
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Figure 4.2: Position perturbation experiment. Once the position perturbation
experiment is set-up as shown in gure 4.1, a magnetic force is applied to the bead. The
bead fast moves towards the centrosome, which is in the cell center (1-2), and perturb
its position by pushing on it (2-3). After the force is turned o, the position of the
centrosome began to return back towards its original position (3-4). For more details,
see the text.
4.2.2 The Spindle behaves as damped spring under load
The clearest property of a centering mechanism is the generation of a force that tries to
maintain or recover the position of the spindle (a restoring force) in response to forces
that moves it away from the cell center. The rst observation of the response of the
centrosome when an external force was applied on it to displace it o-center, tell us that
the centering force may not be constant and possibly increase with higher displacements
as the movement of the centrosome slows down with higher amplitudes. In the same way,
this rst observation tells us that the movement of the centrosome is possibly damped
as its present slow movements ( 0.2 m=sec; see gure 4.2).
Taken together, it is possible to assume that to a rst approximation the centering mech-
anism can be described as a (over)damped spring1 where the restoring force increases as
the spindle moves away from the cell center and its movement is damped by drag [73].
1A harmonic oscillator that does not present oscillations in the presence of force can be assumed over
damped.
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Figure 4.3: Viscoelastic element and its behavior under force. The kelvin-
Voigt element on the left is made by a spring with a dened stiness () connected
by a dashpot with a dene drag coecient (). In the overdamped scenario, when a
constant force is applied to the element, it creeps in an exponential way (with a time
constant of =) until it reaches a maximum amplitude (d) that equals the force divided
by the stiens (F=). The initial part of the movement is linear and equals the force
divided by the drag coecient of the dashpot (F=). Once the force is o, it returns
in the same fashion but decreasing exponentially.
The spring-like behavior comes from the supposition that the force imbalance of the
spindle increases as it moves away from the cell center, while the drag possibly comes
from the rearrangement of the microtubules aster. The drag possibly also comes because
the whole spindle is in the cytoplasm where viscous forces dominate the mechanical re-
sponse [1]. In this scenario, a simple Kelvin-Voigt mechanical element can be used to
describe the system as this element is one of the simplest mechanical elements used to
describe the viscoelastic response of materials [185] and has been proposed before to
describe the centering mechanism [73] (see gure 4.3).
The Kelvin-Voigt mechanical element
The Kelvin-Voigt element model is made by a Hookean spring connected in parallel
with a dashpot, the spring instantaneously produces a deformation proportional to the
applied load (force), and the dashpot simulates rate of deformation proportional to
the load (force). Each component of the Kelvin-Voigt element can be characterized by
a property: for the spring, the stiness (, with units of force over distance) govern
the amplitude of the movement in response to the applied external force and for the
dashpot, the drag coecient (, with units of force over velocity) sets the speed of the
movement in function of the load. Under external force this element moves initially
with a velocity governed by the dashpot alone, but with increasing displacement, the
spring begins to `feel' the displacement and it generates a restoring force that rises and
slows the movement down. As the initial displacement is governed by the dashpot alone,
the initial velocity is determined by its drag coecient in the form of v = F=. If the
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Figure 4.4: Repeated perturbation experiment in a single cell embryo. If
the forces pulses and relaxation periods are short enough, it is possible to perturb the
position the spindle several times during metaphase. This class of experiments helps to
investigate the internal variability of the system. In the top is shown the relevant time
points of the experiment (1-8) and in the bottom, the whole tracking traces for the bead
and the centrosome. In this experiment the spindle was under load in three dierent
opportunities: the rst 2 for a period of 10 seconds and the last one for a period of
<5 seconds as the bead crept over the centrosome and `scaped' the spindle. To every
creep movement of the centrosome, a non-linear square t of the equation 4.1 was done
(line in blue) and the stiness () and the drag coecient() were determined. For
every relaxation period (time after perturbation), a single exponential (equation 4.2)
was tted to the data (line in green). In the middle of the two panels (top and bottom)
it is possible to see the values of the ts.
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duration of the external (constant) force is longer compared with the time constant of
the system ( = =), the restoring force of the spring balances the external force and
the displacement reaches a maximum amplitude (or plateau) [1]. The amplitude of the
displacement when the force pulse time is at least 3 times the  is determined solely by
the  and is close to F=. Once the force pulse is over, the elastic energy stored in the
spring is released, driving the system back to its original position (see gure 4.3). The
behavior of the Kelvin-Voigt element model under load and after it is described by the
equation 4.1. The rst part of the equation (0  tT ) represents the relaxation behavior
when the force is not longer present.
x(t) =
n
F

 
1  e  t  0  tT:  = = (4.1)
To determine if the damped-spring model could describe the response of the centering
mechanism, the equation 4.1 was tted to the displacement of the centrosome (see Figure
4.4). When the force was on and the bead made contact with the centrosome (distance
bead-centrosome  2 m), the creep behavior of the equation was tted such that every
centrosome trace was consider in the origin position when the force was to be applied
on the spindle (see gure 4.5A)2. The force used for the t of the creep behavior was the
average force along the force pulse. It is remarkable that to every creep movement of the
spindle the damped-spring model made a good representation of its behavior under load
and that the spring constant and drag coecient values were similar between pulses.
After the force pulse, the relaxation section of the track was tted using the equation
4.2, where the amplitude (A) was consider as the distance the centrosome moved in its
immediately previous creep movement.
x(t) =
F

 
1  e T 	e  (t T ) = Ae  (t T ) (4.2)
In the same way as the creep behavior, the relaxation movement of the centrosome
after load seems to t properly the expected behavior of a damped spring. For every
relaxation movement, a time constant () was determined from the t of the equation
4.2.
4.2.3 The superimposition principle can be used to describe the overall
damped-spring behavior of the mitotic spindle
If it is considered that the centering mechanism behaves as a damped spring and its
dynamics during the experiment depends on the spring constant and drag coecient,
2The initial point was determined by several conditions: i. The distance bead centrosome was  2.0
m ii. The distance bead-centrosome was maintained and iii. a clear deceleration of the movement of
the bead has to be seen before the initial point. Sometimes the movement of the spindle was also used
as a criterion to dene the initial point.
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Figure 4.5: Superimposition of creeping response of the spindle under load
for a single embryo. A. The three creeping responses from the gure 4.4 were
extracted and were brought to the baseline in time and space. B. The mean in blue
and the SEM were calculated for this experiment and a non-linear squared t of the
model provided by the equation 4.1 was performed over the mean data, using the inverse
of the SEM to weight the t. For this experiment, the values of the t were:  = 25.02
pN=m,  = 148.18 pN  sec=m with a  = 5.92 seconds, using as a force the mean of
the forces of the three pulses F = 44.81 pN C. The same process as B. was done, but
using the data scaled by the applied force (equation 4.3). The values of the t were: 
= 26.01 pN=m,  = 143.16 pN  sec=m with a  = 5.50 seconds.
which are intrinsic properties of the system and the applied force which is determined
in each experiment. For small displacements away from the center, the system can be
considered linear [73, 74] and the superimposition principle should hold. To prove this
supposition, the three creep behaviors of the experiment shown in the gure 4.4 were
aligned. It was found they collapse over each other, as shown in the gure 4.5A-B.
This is remarkable as each base line (in space) is dierent for each experiment3 and
may suggest that the system behaves linearly at least for those amplitudes of  2.5 m,
which is about of  15 % of the cell radius. Additionally, the values of spring constant
do not vary extensively, what is expected as each creep event come from the same cell
3Each of the creep events occurred further from the A-P axis as the previous one.
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and the applied force for each replica had similar values (43:6   45:8 pN). To nd an
overall behavior of the spindle in this experiment, a non-linear t of the viscoelastic
model was done on the mean data (gure 4.5B), considering that the force is the same
for the three pulses (mean force) and constant during every single pulse. The value of
the stiness of the mean data is close to the mean of the stiness of the three dierent
force episodes (25.01 vs 30.19 pN=m). The fact that the traces collapses even when the
baseline is dierent for dierent pulses and the fact that viscoelastic parameters found
out of the mean of the collapse data is close to the mean of the parameters of individual
ts indicates that the system behaves linear for small amplitudes ( 3 m) and that the
superimposition principle can be used to nd the overall behavior of the spindle under
load.
During the perturbation experiments, is dicult to maintain a constant force during
a single force pulse as the force increases as the bead gets closer to the magnetic pole
and its rate of change depends on the relative distance bead-pole (see section 3.2.3).
Because of this, it is dicult to maintain an equal force during a single experiment (see
gure 4.4) and between experiments (see gure 4.9). This constitutes a problem because
during the experiment the force changes over time (F(t)) and not a constant force can be
assumed as it was done before. In order to consider the change of force in time and be
able to compare dierent creep events, the observed centrosome displacement is scaled
with the applied force as shown in the equation 4.3:
x(t) =
F (t)

 
1  e  t 
X(t) =
x(t)
F (t)
=
1

 
1  e  t  (4.3)
The displacement (x(t)) is scaled by the force (F(t)) to nally get the force-scaled dis-
placement (X(t)) to which the viscoelastic model presented by the equation 4.3 can be
tted. An example of this process can be seen in the gure 4.5C. In this experiment,
the single force-scaled displacements of the three events are used to build a force-scaled
displacement mean that is used for the t (equation 4.3)4. This value is considered more
reliable as the average force used before is just an approximation and not a realistic
representation of the applied force during the experiment.
In conclusion, it is possible to compare between dierent perturbation experiments using
the superimposition principle, even when the magnitude and the rate of change of the
force between experiments is dierent as one can scale the displacement of the centrosome
by the applied force.
4In this specic case the spring constant changes from 25.02 to 26.01 pN=m, when the equation 4.3
is used for the calculation.
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4.3 Overall creeping behavior of the mitotic spindle under
load
So far, a single case of study (see gure 4.4) has been used to explain the behavior of the
spindle under load. Nevertheless, to explain the overall creeping behavior of the mitotic
spindle under load, it is necessary to compile the data recollected over several pulses
out of several embryos. To achieve this, every creep behavior was isolated from the
dierent experiments and its displacement was scaled by the applied force as described
in the section 4.2.3 to collapse all the data over a single observable frame (force-scaled
displacement) and extract the main behavior (see gure 4.6, gray traces). The mean
behavior calculated out of the collapse data follows a very smooth and close related
viscoelastic response (see gure 4.6, blue trace). The mean behavior is smoother than
any of the single traces as the single traces are subjected to small uctuation, which have
their origin in the stability characteristics of the spindle5, which averages out in the mean
trace as the uctuations are o-phase. It is possible to see how the error bar increases
as the creeping displacement proceed, this may be an eect of the spindle uctuating
with higher amplitudes as it moves away from the A-P axis (gray traces in the gure
4.6), which may indicate that the stability of the spindle could be function of space as
expected for a process where the imbalance of forces increases with the amplitude of the
movement.
The smooth mean behavior of the spindle under load resembles the behavior of the
Kelvin-Voight element under load, at the beginning the movement is linear for the rst
2-3 seconds to then slowdown and reach what it seems a plateau after 15 seconds. From
the t of the rst 3 seconds, a drag coecient() of  137 pN  sec=m was calculated
(magenta); and from the non-linear square t of the creeping response (equation 4.3)
using the SEM as weights for the t, a spring constant () of  18 pN=m and drag
coecient of  127 pN sec=m were calculated, this last one is very similar to the value
obtained from the slope t. In summary, the behavior of the spindle under load can be
characterized using the spring constant and drag coecient as it reects a viscoelastic
response.
4.3.1 Compliance of the spindle
If the centering mechanism has a spring-like behavior it is expected that the magnitude
of the amplitude should relate to the magnitude of the applied force for individual
creep behaviors. To conrm this prediction, each individual creep was tted with the
equations 4.1 and 4.3 (see gure 4.7) to calculate its maximum amplitude. The maximum
5This noise may be also reect of the tracking noise. Nevertheless, the tracking noise is expected to be
very small when compared to the normal oscillation of the spindle [121] and therefore can be neglected.
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Kelvin−Voigt element:
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Spring const = 18.35 ± 0.14 pN/μm
Drag coefficient = 126.92 ± 1.04 pN*sec/μm
x(t)=C−(A*exp(−t/T1)
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n = 35    Embryos = 26
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Two Exponential fitting 
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Time constant (T) = 6.97 ± 30988.40 sec 
Time constant (T) = 6.97 ± 3692.88 sec 
A = 0.030143 ± 2724180.44
B = 0.024368 ± 2724180.44
Figure 4.6: Overall behavior of the spindle under load. All the 35 creep curves
(in gray) obtained from 26 embryos were brought to the base line in time and space
and scaled with the applied force of every experiment. The mean (in blue) and the
SEM (red) are displayed. Using the mean and the SEM as weight a single exponential
(equation 4.1 in green) and a two exponential (in black) were t to the data (non-linear
squared t). The drag coecient calculated by tting the rst 2.5 seconds of the data
with a linear model (magenta). The error of the parameters are the 95% condence
interval form the t. The p value of the F test between to test between the single
exponential and the double exponential is displayed in red.
amplitude (x(t!1)) was calculated using the spring constant() from the t and average
force (F or < F >), such that x(t!1) = F=.
When the calculated displacement amplitude is plotted against the applied force (see
gure 4.8 Right), it is possible to observe a linear relation as expected for a viscoelastic
element, which slope is the compliance of the system (0.054 m=pN) and the inverse of
the slope is the stiness (18.4 pN=um). It is remarkable that using this methodology
the values for the spring constant dier only in 0.2 % with the values found by tting
the average response (see gure 4.6). For this analysis, only 27 out of the 35 traces
were used, as some traces had amplitudes larger than 6 m which have never been seen
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Figure 4.7: Individual ts of the creeping curves. To every of the 35 creeping
curves a non-linear squared t using the Kelvin-Voigt element model was performed.
In the bottom, the original data of the centrosome displacement and the average of the
force and in the top with the Force-scaled displacement.
during the experiments6. Therefore, amplitudes larger than 6 mwere discarded as those
amplitudes are not expected in the C. elegans embryos, not even during oscillations in
late anaphase, where the oscillation have amplitudes of maximum 3-4 m from the A-P
axis [89], which it means a maximum of 6-8 m peak to peak.
The problem with the previously applied methodology to calculate the compliance is that
it can be ill-poised by individual ts with poor tness level, as shown before (27 out of 35
curves presented a good t). An alternative is to calculate the compliance of the system
by plotting the known amplitude at a known time against the average applied force
(F ). By using the amplitude of the traces at 5 seconds7 the compliance was calculated
to be 0.026 m=pN , which correspond to a stiness of 38.2 pN=um. At 5 seconds, it
is expected that the amplitude is about of 51% of the total amplitude if the  is  7
seconds, which gives a stiness of 19.4 pN=um. This last value is very similar to the
value found by calculating the compliance and stiness using the calculated maximum
amplitudes. The fact that both methodologies give similar results and that they match
the values found by tting the mean response speak in favour of the robustness of the
6The tting problems arise as the individual traces uctuates (see gure 4.6: gray traces) which
causes sometimes poor ts
730 out of 35 traces had force pulses longer than 5 seconds.
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Figure 4.8: Compliance of the spindle The compliance (m) and spring constant
( = 1=m) of the system are calculated by tting a liner model through the scatter
data of applied force versus the amplitude of displacement. Left: amplitude of every
creeping curve after 5 seconds versus applied force. Right: calculated amplitudes at
t!1 versus applied force.
results. Moreover, the fact that the stiness values match using dierent methods to
calculate it, enhances the assumption that the centering mechanism has a spring-like
behavior.
4.3.2 Mean of the individual ts or t of the mean
The stiens and drag coecient of the system can be calculated by performing the t
of the Kelvin-Voigt element model on the mean of the overall set of data (see gure 4.6)
or by tting the individual traces (see gure 4.7) and calculating the mean using that
data (see gure 4.9). Although this second alternative gives values very similar for the
stiness ( 0.2 % dierence), it does not give similar values for the drag coecient when
compared with the t on the mean data ( 14 % dierence). In a very simple scenario,
the t on the mean of data may give a better approximation to the real value of the
population as some single traces have large uctuations that can give rise to ill-poised
ttings. To conrm this assumption, creep behaviors were simulated and analysed by
the same algorithms (protocol) used to analysed the experimental data (see appendix
A). In conclusion, the t on the mean data oer a better approximation to the real
mean value of the population, conrming that the t on the mean data is more reliable
than calculating the mean of single ts because the small uctuations that can aect
the individual ts are average out in the rst method.
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Figure 4.9: Statistics for the kelvin-Voigt model t. Statistics for the stiness
(), drag coecient () and force from the non-linear squared t of every creeping curve
using the Kelvin-Voigt element model (see gure 4.7). The values which lie outside the
95% quartiles and with not good tness of the t were consider as outliers and not
included in the statistics (3 outliers). This statistics correspond to the t using the
scaled displacement of the centrosome; Figure 4.7 bottom.
4.3.3 Single exponential vs. double exponential behavior
To a rst approximation the viscoelastic kelvin-Voigt model represents the observed
behavior of the spindle under load. Nevertheless, in order to study the presence of a
nested process8, a second order exponential (see equation 4.4) was also tted to the data
(see gure 4.6: black trace).
x(t) = C    Ae  t1 +Be  t2  (4.4)
Nevertheless, by comparing the two dierent ts using a F-test, a second order exponen-
tial is not more representative for the mean data than a single exponential(p  0:07).
This means that a simple Kelvin-Voigt model is sucient to explain the data and there
is no necessity to invoke an extra process.
F-test
An F-test is most often used when comparing statistical models that have been tted to
a data set using least squares, in order to identify the model that best ts the population
8This necessity was born in the realisation that the relaxation behavior is better explained by a two
exponential model rather than a single exponential (see next sections) and a second process could be
also acting in the creeping behavior.
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from which the data were sampled. To compare the two dierent ts (single or double
exponential), the F value was obtained as:
F =

RSS1 RSS2
p2 p1


RSS2
n p2
 (4.5)
where RSSi is the residual sum of squares of model (single exponential vs. two expo-
nentials). Under the null hypothesis that a model which has a single exponential does
not provide a signicantly better t than a model which has two exponentials. F has
an F-distribution, with (p2-p1, n-p1) degrees of freedom. Where p2=3, p1=2 and n 
180 for the creep behavior and  220 for the relaxation part. For every behavior (creep
and relaxation, Figures 4.6 and 4.10, respectively), the p value of the F-test is provided.
For the creeping behavior of the spindle under load, the p value was  0:07, while for
the relaxation behavior the p value was << 0:01.
4.4 Overall relaxation behavior of the mitotic spindle after
position perturbation
During the position perturbation experiments, the spindle always moved back towards
its initial position when the force was turned o. In order to compared all the collected
traces, each of the relaxation traces was scaled in position with the amplitude of the
previous creep behavior (see equation 4.2) and its time was reset such that the instant
when the force was turned o was t = 0. The mean and the SEM of the mean was
calculated out of the scaled traces (see gure 4.10). The relaxation of the centrosome
rapidly moves back towards the A-P axis but its movement is slowed down after few
seconds, which is consistent to a viscoelastic response. The relaxation behavior was
recorded for about of 10-20 seconds. Only 28 out of the 35 force perturbation experiments
were used for the analysis, because in some experiments the spindle began rocking during
the relaxation. This is expected as the spindle maintains the center position for  30
seconds (see gure 3.11) and the creep behavior was observed for 10-20 seconds, which
left on average 10 seconds to look at the relaxation responses. When the whole data
set is taken into the analysis (traces including oscillations), the mean response can only
be seen for 8-10 seconds as the oscillations bias its behavior (see gure C.1). When the
relaxation was observed for more than 20 seconds, the oscillations took over the main
behavior of the spindle and a viscoelastic response could not longer be seen (see gure
C.2).
To characterise the system a single exponential (equation 4.2) and two exponential
(equation 4.6) were tted to the mean data. To a rst approximation, the spindle
relaxes back to its initial position with a time constant ()  16 seconds, which is
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Figure 4.10: Relaxation of the centrosome position after load. 28 relaxation
curves (in gray) obtained from 23 embryos were scaled by the amplitude of their cor-
respond creep curve and brought to the base line in time. Mean (in blue) and the
SEM (red). Using the mean and the SEM as weight a single exponential (equation 4.6:
interrupted line) and a two exponential (equation 4.1: solid line) were t to the data
(non-linear squared t). The p value of the F test between to test between the single
exponential and the double exponential is << 0.01.
almost two times longer as  for the creeping response. This may explained why during
the experiments the spindle never move back completely to the original position in the
same time that took to displace it out of it (see gure 4.4). Additionally, the relaxation
response follows better a two exponential model rather than a single exponential (F-test
p value <<0.01) as the creeping behavior did.
x(t) = Ae
  t
1 +Be
  t
2 (4.6)
The time two time constant for the two exponential behavior were 3.7 and 25.5 seconds,
which indicates that there are possibly two dierent mechanisms responsible to bring
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the spindle back towards the cell center.
In order to rule out that the spindle moves back because the elastic properties of the
cytoplasm, the relaxation behavior was compared with the relaxation behavior of 1.0
m supermagnetic beads when they were drag for 1.5 seconds with forces of 1-20 pN
through the cytoplasm. The relaxation of the spindle is one order of magnitude slower
as the cytoplasm relaxation and the restoring movement can not be explained by this
process, although it could contribute to its movement. As the movement of the spindle
can not be explained by the relaxation of the mechanical properties of the cytoplasm but
it is a consistent phenomenon, one would have to assume that it is an intrinsic property
of the spindle that is connected with the centering mechanism.
In summary, the relaxation the spindle back to the center after it has undergone a
position perturbation process is a consistent process, which to a rst approximation
follows a viscoelastic behavior with a time constant of  16 seconds, although another
processes may be involved as more complicated behavior was observed. It was also found
that the elastic properties of the cytoplasm are responsible for this behavior as the order
of magnitudes of boths processes do not match. Taken together those results suggest
that the relaxation movement of the spindle is due to the active centering mechanism of
the spindle.
4.5 Measurement of centrosome size by mechanical prob-
ing
Additionally, to the centering mechanism of the spindle, x the position perturbation
experiment oers the opportunity to test directly the existing physical limits of the
centrosome. During the experiment the bead(s)9 that make contact with the centro-
some, normally decelerates within its proximity reaching a steady state distance bead-
centrosome of  2 m (see gure 4.10). This value may give an insight of the mechanical
properties of the centrosome and its physical limits. For example, looking at the defor-
mation of the centrosome when a force is applied to it the viscosity of the centrosome
has been calculated to be approximately  104 Pa  s [49], which is 4 orders of magni-
tude higher than the viscosity of the cytoplasm and 7 times the one of water. In this
thesis, such estimations were not done as the deformation of the centrosome can only
be observed at high forces, but its apparent physical limits can be calculated as the
bead oer a probe to test them. The size of the centrosome was calculated as shown
in the gure 4.11. From the experiments, the radius of the centrosome is calculated to
be  1.5 m , because the mean distance bead-centrosome was 2.0 m and the radius
of the magnetic beads are 0.5 m (see gure 3.4). This measurements conrm that the
centrosome can be seen as a physical structure that despite the lack of membrane posses
9In some experiments two or more beads can enter in contact with the centrosome at the same time.
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Figure 4.11: Centrosome size measure by contact. Euclidian distance between
the center of the centrosome and the center of the bead. A. statistics. B. Diagram
a high integrity, being able to bare high forces. Additionally, this measurements oer an
alternative to estimate the spatial presence of the centrosome limits, more specically
the limits presented by its pericentriolar material (PCM) by direct contact, conrming
the values found by much more indirect techniques [142]
4.6 Analysis
Using the position perturbation experiments it was possible to determine that the cen-
tering mechanism behaves as damped-spring (see gure 4.12), with a stiness of 
18 pN=m and a drag coecient of  127 pN  sec=m. Although the presence of
non-linearities are very common in biology [91], it seems that at least for the creeping
behavior the systems behaves linear for small amplitudes (less than  3 m ) away from
the cell center and that the superimposition principle can be used to compare dier-
ent sets of data. These results match theoretical predictions that stated that for small
displacement the centering mechanism should behave linear [74].
Figure 4.12: The centering mechanism as a damped spring.
100
4.6. Analysis
Elastic component of the centering mechanism
The elastic component suggests that the restoring force of the spindle is function of the
displacement from the center. This elastic component describes molecular processes at
the interior of the cell, which ultimately increases the force imbalance as the spindle
moves away from the center. If the centering mechanism is considered to be the eect
of independently force generators such as pushing microtubules or pulling motors (see
section 1.4.1) the increase of the dierence of its number as the spindle moves away from
the center may be the cause of this spring-like behavior. For the pushing mechanism if
one assumes that the Euler force of a 15 m long microtubule is 1.4 pN, an imbalance
of 14 microtubules per every displaced micron can be expected10. It means that for a
displacement of 1 m away from the AP axis one can expect a  10% dierence in the
amount of microtubules found in the cortex per centrosome11. This value is surprisingly
close to the dierence of  40 microtubules over  3 m displacement during oscillations
in the C. elegans embryo [37], which give as result 13 microtubules per micron during
oscillations.
Drag component of the centering mechanism
Additionally, the fact that the dynamics of the centering mechanism is governed by the
dashpot tell us that the friction is an important parameter in the system. This friction is
possibly the sum of many damping elements acting on the spindle: the viscous friction
coming from the surrounding uid [81], which eect can be enhanced as the spindle
is contained in a small space [83]; the protein friction [89, 186] and the intrinsic drag
associated with the centering mechanism [73, 74, 88]. The drag coecient indicates how
easily is to deform (rearrange) the spindle when a load is applied to it. For instance,
a high drag coecient would impede fast movements of the spindle when an external
force is applied to it. This is benecial for the centering mechanism as transient high
forces would not displace the spindle o-center signicantly and only consistent forces,
which normally are mediated by active processes, may be able to displace the spindle.
Having a high drag coecient could be benecial if the spindle is at the center as it
avoids the spindle to move erratically due to high transient forces, but it also means
that the movement towards the cell center may be slow.
10One has to be careful with this approximation as it only holds for very small displacements as the
Euler force increases inversely with the square of the microtubules length. For a 2 m displacement, 25
microtubules and not 28 could be the responsible for restoring force
11Each centrosome has 120 microtubules in contact with the cortex at any given point of time. See
section 2.2.2
101
CHAPTER 4. Centering force of the mitotic spindle in metaphase of the C. elegans
embryo
Quantitative assumptions of the force imbalance of the C. elegans embryo
In C. elegans embryo the force imbalance is more obvious during anaphase where the
spindle is dragged towards the posterior of the cell while oscillating (see section 5.2.1).
This imbalance is thought to be produced by a imbalance of pulling forces sitting at the
cortex [65, 67] which also are responsible for the oscillatory behavior of the spindle [89].
When one looks at oscillations, amplitudes of  4 m are reached (see gure B.1). If one
assumes that the restoring force ( 20 pN=m) of the centering mechanism stays the
same during oscillations, an imbalance of forces up to 80 pN can be expected. Moreover,
velocities of up to 1.2 m=sec (see appendix B) can be expected during oscillations, which
would mean an imbalance of force 152 pN close to the A-P axis during oscillations when
a drag coecient of  127 pN  sec=m is assumed. In the same manner, if one assumes
that the restoring force along the A-P axis is close in magnitude to the one found along
the transverse axis and that an oset of 5 m can be seen during the posterior movement
(see gure 5.3), an imbalance of forces of  100 pN can be expected.
Variability of the measurements
The parameters that describe the system (,  and ) have a large variability between
dierent organism in the population (see gure 4.9). The observed large variability in
embryos size (see chapter 2) may explain this large variability in the force measurements,
as the restoring force may depend on the cell size [73, 74]. Additionally the centrosome
size is linked with the cell size [142] which could alter the microtubule nucleation capacity
of the system and therefore give rise to dierent forces. In summary, there is a variation
in the mechanical properties of the spindle within the population which can be explained
by the variance of cell size between the embryos.
Creeping vs relaxation behavior
The fact that the creep and relaxation movements are dierent in behavior and in time
scales, may talk against the linearity of the system exposed in the section 4.2.3 because
a linear system as the one described by the equation 4.1 should have identical values for
the two phases: creep and relaxation. This phenomenon may reect the presence of a
non-linearity in the centering mechanism that may not be apparent in the creep behavior.
An alternative is that the system is plastic and it changes as it moves away from the
cell center. The plasticity could come as a consequence of a delay in the rearrangement
of the microtubules aster of the spindle, as the movement of the spindle occurs in a
time frame (10-20 seconds) which is faster in comparison to a complete turn-over of the
system ( 35 seconds). It may be possible that if the spindle moves suciently slow
during the position perturbation experiment, it may present the same behavior for the
creep and relaxation part.
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The relaxation behavior showed clearly two time constants. The rst time constant is
fast and it is in the range of few seconds, while the second time constant, is in the range
of few tens of seconds. The second time constant represents the process that brings
ultimately the spindle to the cell center once its position has been perturbed and it
may represent the centering mechanism. The rst time constant may represent another
mechanism that can act for fast a small displacements out of the cell center. There could
be three main explanations for this rst fast time constant:
Elastic energy stored in buckled microtubules As the centrosome moves o-
center some microtubules that enter in contact with the cortex may experiment some
compression forces and buckle as those forces overcome their buckling force (fe). In this
scenario, some energy would be stored in the buckled microtubules as elastic energy and
when the external force is not longer present, this energy would be released and the
microtubules will tend to straighten. This will cause a very fast and transient force that
will be felt immediately by the spindle making it move very fast back towards the cell
center. The relaxation of microtubules in solution matches the relaxation times observed
for the rst time constant during the experiments [1]12. Therefore, it is plausible that
the relaxation of buckled microtubules could explain the rst fast time constant observed
during the relaxation behavior of the spindle.
Viscoelastic properties of the cytoplasm Dragging beads in the cytoplasm show
that the cytoplasm presents an elastic component that makes the beads moves back
after the external force is turned o (see gure 4.6). Possibly, the spindle feels the same
elastic component when it moves through the cytoplasm and this elastic component is
responsible for the initial fast movement of the spindle during the relaxation period. It
is necessary to mention that the properties of the cytoplasm depend on the velocity or
frequency of the movement and that the beads used in those experiments move 10 times
faster than the spindle did during the experiments and possibly at these low speeds the
cytoplasm behaves more as a viscous uid and not as viscoelastic uid [81, 86, 87, 168].
In such case, the elastic properties of the cytoplasm could not explain the fast time
constant observed during the relaxation behavior of the spindle.
Viscoelastic properties of the cytoplasm Dragging beads in the cytoplasm show
that the cytoplasm presents an elastic component that makes the beads moves back
after the external force is turned o (see gure 4.6). Possibly, the spindle feels the same
elastic component when it moves through the cytoplasm and this elastic component is
12It is important to mention that this relaxation depends on the modes (n) of the buckled microtubules
(  1=n4 ), which can change drastically the time scales and the Euler force (fe)[1, 93]. In some cells in
interphase, those higher modes have been observed [93] but in C. elegans the buckled microtubules seem
to present a single mode (data not shown) possible by the lack of a well formed actomyosin network in
the cytoplasm during cell division.
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responsible for the initial fast movement of the spindle during the relaxation period. It
is necessary to mention that the properties of the cytoplasm depend on the velocity or
frequency of the movement and that the beads used in those experiments move 10 times
faster than the spindle did during the experiments and possibly at these low speeds the
cytoplasm behaves more as a viscous uid and not as viscoelastic uid [81, 86, 87, 168].
In such case, the elastic properties of the cytoplasm could not explain the fast time
constant observed during the relaxation behavior of the spindle.
Partial accumulation of the microtubules during displacement A third possi-
bility is that as the centrosome moves towards the cortex there is transient accumulation
of microtubules in this boundary as the pushing probability increases at every moment.
When the force is released, the slightly accumulations of microtubules at the boundary
creates a transient high imbalance of forces that moves the centrosome fast towards
the cell center. This behavior was eectively seen when stochastic simulations were
performed using the cortical pushing model as a work frame13, in which transient ac-
cumulations of microtubules at the cortex due to the movement of the spindle rapidly
correlates with fast and very transient movement of the centrosome towards the cortex
(see appendix D). This nding is important as it suggest that only pushing microtubules
may be sucient to explain the presence of the two time constants.
Although, the origin of the rst fast initial time constant remains unclear, it exist and
it may have a relevant biological implication. This fast time constant could correct
the position of the spindle for very small amplitudes and high frequent perturbations
produce by high and transient forces acting on the spindle. This may suggest that
the spindle has in fact two centering mechanisms one that corrects the position for
small transient perturbations, while the centering process that governs the longer time
constant could take care of returning the spindle towards the center when large and
much more persistent forces perturb its position.
4.7 Conclusions
In overview, a damped spring can be used as a macroscopic simplication of the centering
mechanism of the spindle and it also describes the behavior of the spindle under load.
The damped spring model gives us a way to characterise the centering mechanism in
terms of its parameters: spring constant and drag coecient. The parameter values
here found may proven to be very useful to map the force balance of other processes
in the C. elegans embryo, such as anaphase and oscillations. It seems that the creep
behavior of the spindle can be consider linear for small amplitudes while the relaxation
after force perturbation is more complex and may suggest a non-linearity or plasticity in
13The simulations presented in this work were done in close collaborations with Rui Ma from the Max
Planck of Complex System, Dresden-Germany. See appendix D
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correcting large and much more persistent perturbations.
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5
Eect of the cortical pulling forces on
the centering forces of the mitotic
spindle
T
he cortical pulling forces are possibly the most studied forces
that alter the position of the spindle in the C. elegans embryos. This
chapter studied the inuence that the cortical force generators have
on the centering properties of the spindle, the boundary condition of the
microtubules at the cortex and the centering forces. In conclusion, one can
see the cortical pulling forces as a mechanism used for the embryo to position
the spindle o-center but not as the mechanism of the centering process.
5.1 Pulling forces associated with the asymmetric cell di-
vision of the C. elegans embryo
Arguably the most extensive kind of forces studied in the C. elegans embryo cell division
are the cortical pulling forces. Those forces have its origin in the complex formed by G,
Lin-5, gpr-1/2 and dynein that is anchored to the cell cortex and can exert extensively
pulling forces on the microtubules , specially during oscillations and late anaphase [65{
67, 89, 90, 103]. It seems clear that cortical pulling forces are mediated by dyneins
which are attached to the cortex, but it is not clear if the force mechanism comes from
the power stroke of dynein or from the depolymerization force of the microtubules (see
section 1.2.2). Despite the lack of understanding of those details, clearly the cortical
pulling forces are present in the C. elegans embryo and that are important for the force
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imbalance that moves the spindle o-center towards the posterior in late mitosis, which
has as a consequence an asymmetrical cell division [65{67].
Labbe et al., (2003) [139] provided the most complete map of pulling forces in the C.
elegans embryo. The map was done by tracking the position, direction and velocity of
centrosome pieces after the centrosomes were cut with a UV laser in dierent stages of
the cell division. In this study, higher pulling forces exist during pronuclear migration
and anaphase, while the pulling force was relatively low during metaphase. Possibly,
the higher pulling forces observed during pronuclear migration are due to cytoplasmic
pulling [116] rather than cortical pulling forces, as the longer microtubules expected in
this stage could recruit more vesicles towards them, but few of them are expected to
make contact with the cortex and associate with cortical force generators. Also, as in
this rst stage the polarization is not totally established and equal pulling forces are
expected to be found everywhere along the cortex, there is no reason to think than
the cortical pulling forces should be enhanced in the anterior section of the embryos
in these rst stages of the cell division. For anaphase, it is much more clear that high
and asymmetrical cortical pulling forces are present that dependent on the GPR-1/2
pathway [65{67, 89].
The combination of the PAR proteins at the cortex in combination with the LET-99 band
form three regions with dierent GPR-1/2 populations: poor in the anterior, absent in
the LET-99 band and enriched in the posterior (see gure 1.9). As a consequence, it
is possible to dene three regions in terms of pulling forces in the embryo, an anterior,
a lateral posterior and a posterior region where the cortical pulling forces are weak,
absent and high respectively [131{134, 187, 188] (see section 1.5.2). Some models argue
that the presence of this band give geometrical constrains to give a better torque for
the rotation of the spindle via cortical pulling forces [125, 131]. This idea is supported
because the rate of rotation is reduced when cortical pulling forces and the LET-99 band
are hindered [187, 189, 190]. It is also supported because the cortical pulling forces are
essential for rotation when some geometrical cues are missing, i.e. in spherical embryos
lacking the eggshell [188]. Together, this evidence suggests that the cortical pulling forces
are non-equally distributed along the cortex of the embryo, which is counter-intuitive to
a centering process as this distribution would bias the position of the spindle o-center.
This non-equal distribution is more likely to act on positioning the spindle o-center
as needed for the asymmetrical division but not for centering. The necessity of cortical
pulling forces for rotation, which can be also considered the centering mechanism, is only
when the geometrical cues are missing, which suggest that the cortical pulling forces are
no necessarily needed for rotation but may help this process.
In summary, the experimental evidence suggests that during metaphase the pulling forces
are relatively weak in comparison with another cell division stages and possibly do not
have a relevant role in the forces which govern the centering process (see section 1.4.2).
Additionally, the cortical pulling forces are dispensable for the proper centering of the
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spindle during the C. elegans embryo cell division [66, 191] and the absence of such forces
actually increases the stability of such process [121]. On the other hand, some other
evidence suggest that the cortical pulling forces may be important for centering as they
mediate rotation and the absence of them can delay the centering process [131, 133, 187{
190, 192] 1, but this evidence could be understood as an accessory process that is not
strictly necessary but could help the centering process.
Due to the contradictory data, and because cortical pulling forces are a relevant force in
the C. elegans embryo cell division, this chapter attempt to investigate the eect of the
cortical pulling forces more deeply and how they mediate the centering pulling forces.
5.2 The cortical pulling forces are not required for center-
ing
It has been suggested that the cortical pulling forces are necessary for centering and
that a reduction of its level could aect the rotation and delay the centering process
[187, 189, 190]. To rst investigate this claim, the cell cycle was timed as described
in the section 3.6 when the cortical pulling forces were reduced by gpr-1/2 RNAi (see
section 3.5.6). The time between NEBD and metaphase does not change when cortical
pulling forces are hindered (see gure 5.1) and if this measurement provided a good
test for the NCC migration and rotation, these results contradict the previous claims
as not delay was observed when compared to WT embryos. In the same way, the time
the spindle remains in metaphase did not change when the cortical pulling forces are
hindered when compared with WT embryos (see gure 5.1). This result suggests that
the cortical pulling forces are not necessary for the spindle assembly and possibly are
down-regulated by the spindle assembly [140]. In summary, those results suggest that
the cortical pulling forces does not interfere with the assembly, migration and rotation
of the spindle.
The fact that the cortical pulling forces are not signicantly required for the migration
and rotation of the spindle suggest that they may not be involved in the centering
process. To further investigate this suggestion, the time that the spindle remain in the
cell center was also measured (see section 3.6) when the embryos were treated with gpr-
1/2 RNAi. In overall the spindle shows the same centering capacities along the A-P axis
when cortical pulling forces were reduced as compared with spindles of WT embryos
(see gure 5.2), which suggest that the centering properties of spindle did not change in
the absence of cortical pulling forces. This is expected as the pulling forces may be only
activated at the late metaphase or anaphase [89] (see also section 3.6) and the ascent
of them are not expected to aect signicantly the centering properties of the spindle.
1 Some recent reviews on the implications of pulling forces on centering and positioning of the spindle
are Kotak et al.,(2013) [63] and McNally et al., (2013) [64]
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Figure 5.1: Eect of the cortical pulling forces on the NEBD-metaphase
and metaphase cell cycle timing. A. Time between the NEBD and the formation
of the metaphase plate B. Duration of the metaphase
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Figure 5.2: Eect of the cortical pulling forces on the spindle centering
timing. A. Time duration of the spindle center in the A-P and transverse axis: `perfect
centering' B. Time duration of the spindle center in the A-P axis
Moreover, there is an improvement of the centering properties of the spindle when the
two axis are taken into account ('perfect centering') as the spindle without pulling forces
remain align in both axis more than twice as long as the WT embryos (see gure 5.2).
This result conrm that the net force towards the posterior is mediated by the gpr-1/2
pathway [66, 67, 67] and when the cortical pulling forces are hindered the centering in
the transverse axis is also improved as the net force is not longer present.
In summary, despite the previous evidence the cortical pulling forces do not aect the
migration or rotation of the spindle, which may also be processes mediated by the
centering mechanism and may suggest that they are dispensable for centering. Moreover,
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Figure 5.3: Centering of the spindle when the cortical pulling forces are
remove. Centering properties of the embryos can be seen in the time lapse of the
images and its centering along the A-P can be seen in the kymograph on the left of each
time lapse. On the kymograph the formation of the metaphase plate, the oscillations
and anaphase onset are indicated with blue lines. The time when the spindle was
centered on both axis is shown on the kymograph in red. A.WT embryo B. gpr1/2 &
fzy-1 RNAi C. fzy-1 RNAi
the fact that the spindles in the absent of cortical pulling forces stay for the same time
along the A-P axis, but increase the alignment along the transverse axis strengthen the
idea that the cortical pulling forces are not relevant for centering but for positioning (see
section 1.4.2).
5.2.1 Arrest the cells in metaphase prove the instability of the spindle
due to the cortical pulling forces
During metaphase, specially during the formation of the metaphase plate the centering is
more conspicuous in the C. elegans embryos as arguably is in metaphase when centering
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should occur2 and is in anaphase where the cortical pulling forces may act more actively
to brake centering and drag the centrosomes towards the poles (see section 1.5.2). To
investigate the link that exist between metaphase, anaphase, the cortical pulling forces
and the centering properties of the spindle, the spindle was arrested in metaphase using
fzy-1 RNAi. fzy-1 is a gene which seems to act upstream the APC complex and in their
absence the spindle is arrested in metaphase by delaying the severing of the cohesin rings
that hold the chromosomes together during metaphase [140] (see section 1.5.2). The fzy-
1 RNAi treatment aect signicantly the time that the spindle remains in metaphase,
which conrms its role in the anaphase onset, but it did not aect the time the spindle
takes to migrate, rotate or stay in the cell center (see gures 5.1 & 5.2). Taken together
those result suggest that arresting the cell in metaphase does not alter its centering
properties. Interestingly, the spindle arrested in metaphase remain for the same amount
of time in the cell center as the WT embryo. In a normal embryo after centering,
the spindle moves towards the posterior and enters in anaphase before or after the
oscillations have started, but in the arrested embryos the spindle began to oscillate long
before anaphase onset, and in many embryos the spindle even oscillate along the A-P
axis and not only the transverse one (see gure 5.3). Normally, oscillations occur by
an increase in the processivity of the cortical pulling motors (possibly dynein) which
cause an instability of the system [89]. In the light of those results, it is possible to
suggest that the activation of the motors may not be downstream of the process involve
by the APC complex. Moreover, the fact that the system oscillates when the spindle is
in metaphase and the cortical pulling motors gets activated speak against a centering
mechanism mediated by cortical pulling forces, as those seem to hinder centering instead
of augment it. To further investigate if the cortical pulling forces hinder centering,
C. elegans embryos were arrested in metaphase and its pulling forces were reduced
by a double gpr-1/2 and fzy-1 RNAi treatment. Surprisingly, the double knock down
increased it centering properties, staying in the cell center for  10 and  7 times longer
than WT embryos at `perfect centering' and at the A-P axis centering, respectively.
Although the migration and rotation of the NCC was a bite delayed (see gures 5.2 &
5.3). This suggests that the activation of the cortical pulling forces hinders centering
as suggested before [121] and that its activation is not anaphase-onset depended. It
is possible to speculate that cortical motor activation and anaphase onset may share a
common upstream control which activate both in parallel as they are correlated in time
but can occur independently.
In summary, the result of this section provides evidence that suggests that the cortical
pulling forces are not necessary for migration, rotation and spindle assembly and that
these forces seem to hinder centering during metaphase, which speak against a centering
process mediated by cortical pulling forces.
2Although this does not necessarily happen. Some times the spindle can center before its assembly
and sometimes the spindle is not centered even when the metaphase plate has occurred. See section 3.6
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Figure 5.4: Boundary conditions of the microtubules at the cortex in the
absence of cortical pulling forces. Comparison between WT embryos (red) and
gpr-1/2 RNAi embryos (green). A.Microtubule velocity along the cortex B. Residency
time of growing microtubules at the cortex C. Slide distance of the microtubules along
the cortex D. Microtubule density at the cortex. For every statistic, three values
are displayed: The t from a model (exponential decay for residency time and running
length and Gaussian for running speed), the error represents the 95% condence interval
out of the non linear square t; the mean value and standard deviation from the total
amount of microtubules observed and the mean and standard deviation out of the values
of mean values of every embryo.
Some centering models based on cortical pulling forces suggest that the cortical pulling
force generators, such as dynein, may aect the dynamics of the microtubules and there-
fore promote centering [28, 74, 111]. This supposition is based in in-vitro experiments
where it was shown that dyneins attached to substrates can bind and stabilise micro-
tubules [28, 48] and this can give rise to a better centering [28, 111]. In those scenarios,
the amount of time a microtubule remain on the boundary was increased as the dyneins
stabilise its growing or shrinking ends. To investigate if the gpr-1/2 complex can stabi-
lize growing ends of microtubules at the cortex in the C. elegans embryo, the behavior of
growing microtubules in gpr-1/2 RNAi embryos were studied at the cortex as described
in the section 2.2.2 . In general, no dierences in residency time, velocity and slided
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length along the cortex or microtubules density were observed in gpr-1/2 RNAi embryos
when compared with WT ones (see section 5.4). The fact the residency time did not
change argue against a stabilisation of microtubules growing ends by dyneins, while the
lack of change of the velocity and slide length of growing microtubules along the cortex
speak against a lateral connection of those molecular motor with the microtubules [105{
107] as seem in some mammalian cells, as those values should have increased if lateral
connections are present [108]. There is still the possibility that the dyneins may stabilize
shrinking microtubules, which can be possibly seen by looking at the residency times of
shrinking microtubules at the cortex but this was not further evaluated in this thesis.
In summary, the results in this thesis did not provide an evidence that the dynamics of
the microtubules can be changed by the presence of cortical force generators mediated
by dynein, which speak against some centering cortical pulling models.
5.4 Centering forces of the spindle of C. elegans in the
absence of cortical pulling forces
If the centering mechanism of the spindle is mediated by cortical pulling forces, the
centering forces would be reduced when they system lack of such forces because the
lack of force imbalance (see section 1.4.2). In the same way, if the centering mechanism
is mediated by cortical pulling forces, when the cortical force generators are reduced,
it is expected a longer recovery time of the spindle after a position perturbation has
occurred. In order to quantify, if the centering forces of the C. elegans spindle changes
when the cortical force generators are reduced, the position perturbation experiments
were performed on embryos after the cortical pulling forces were reduced by gpr-1/2
RNAi. Additionally, to the reduction of the pulling force generator by gpr-1/2 RNAi
the spindle was arrested in metphase by fzy-1 RNAi to ensure that longer pulses of forces
could be applied on the spindle and that longer times for the recovery of the spindle
position after perturbation could be observed. This is necessary as the spindle of WT
embryos remain only for  35 seconds center along the A-P axis but the time constants
of the spindle are  7 seconds and  16 seconds for the creep and recovery, respectively
(see section 4.3), which would mean that a completely creep and recovery would take
 65 seconds, that is twice as long as the average time of spindle centering in the WT
embryos (see section 3.6).
Eectively, during the perturbation experiments, using the combination of gpr-1/2 and
fzy-1 RNAi, longer force pulses (15-20 seconds) could be applied on the spindle and
also long recoveries (up to 60 seconds) could be observed (see gure 5.5). The centering
force of the mitotic spindle during metaphase in the gpr-1/2 RNAi embryos was  39%
higher than the forces presented in the WT embryos and the drag coecient was  44%
higher than those in WT (see section 5.6). This result speak against the cortical pulling
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Figure 5.5: Position perturbation experiment on an gpr-1/2 & fzy-1 RNAi
embryo. In the gpr-1/2 & fzy-1 RNAi longer pulses and recoveries can be applied to
the spindles. For this specic experiment, the spindle remain close to the center and
without oscillation for around of 100 seconds, which is  3 times longer than normal.
For the 3 pulses, we can observe a better recovery as the observed time was longer than
15 seconds.
forces as the force mechanism of the centering process. Additionally, the recovery of
the spindle after the position perturbation was slightly faster than the WT embryo (see
gure 5.7). It is important to mention that only using the combination of gpr-1/2 and
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Figure 5.6: Comparison of the overall behavior of the spindle under load
when the cortical pulling forces are removed. The characteristic behavior of
the spindle under load is shown for WT embryos (red) and for embryos treated with
gpr-1/2 & fzy-1 RNAi (green). The mean of the force-scaled displacement (circles) and
the SEM (error bars) are displayed. Using the mean and the SEM as weight a the
Kelvin-Voigt element model (equation 4.1) were t to the data (non-linear squared t)
and the value of its parameters from the t is displayed for every mean behavior with
the 95% condence interval. N correspond to the number of traces collected out of N
embryos. The p value of the F-test is > 0.05 in each case, when compared with a two
exponential model (data not displayed).
fzy-1 RNAi was possible to conrm that the spindle is able to move all the way back
to the cell center after a position perturbation and that a total recovery is expected to
happen after  60 seconds the position perturbation.
Additionally, to show that the fzy-1 RNAi treatment does not have any eect on the
centering forces of gpr-1/2 RNAi embryos, gpr-1/2 RNAi embryos were compared against
gpr-1/2 & fzy-1 RNAi. As any dierence was notice (see gure 5.8), it is possible to
conrm that arresting the cell in metaphase has no eect on the centering forces when
the cortical pulling forces are removed.
In summary, as not weaker forces but instead higher centering forces and faster recov-
eries were found during the position perturbation experiments, it is possible to exclude
that the cortical pulling forces mediated by the G-gpr-1/2 pathway have a role in the
centering of the C. elegans embryo spindle.
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Figure 5.7: Comparison of the overall relaxation behavior of the spindle
after load when the cortical pulling forces are removed. The characteristic be-
havior of the spindle after load is shown for WT embryos (red) and for embryos treated
with gpr-1/2 & fzy-1 RNAi (green). The mean of the force-scaled displacement (dots)
and the SEM (error bars) are displayed. The mean of the force-scaled displacement
(dots) and the SEM (error bars) are displayed. Using the mean and the SEM as weight
a single exponential (solid line) and two exponential (broken line) model tted to the
data (non-linear squared t) and the value of its parameters displayed for every mean
behavior with the 95% condence interval. The p value of the F-test is << 0.01 in each
case, when compared with a two exponential model.
5.5 Analysis & Conclusions
Although there are an extensive collection of centering models base on the cortical force
generators as the force mechanism that brings and maintain the spindle in the cell center,
the evidence presented in this chapter speak against this suppositions. First, neither the
centering properties of the spindle, the NCC migration or rotation were aected when
the cortical pulling forces were removed, which suggest that the cell can dispense of
these forces to eectively center. Second, the fact that the metaphase-arrested spindle
only improves its centering capabilities once the cortical pulling forces were signicantly
reduced, suggest that the cortical pulling forces hinder the centering instead of enhancing
it and that the cortical pulling forces may be used more for positioning than centering.
Third, the fact that the centering forces increases when the cortical pulling forces are
reduced suggest that they are not involve din them as the result contradict the theory
and this may support that the centering is more stable without its present [121]. Finally,
the fact that the spindle of the gpr-1/2 RNAi embryos recover almost with the same
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Figure 5.8: Comparison of the creep behavior between gpr-1/2 and gpr-1/2
& fzy-1 RNAi embryos.] Individual traces of the creep behavior of the spindle for
gpr-1/2 (in red) and gpr-1/2 & fzy-1 (in blue) RNAi embryos
speed as spindle of the WT embryos after position perturbations, may indicate that the
centering forces that produce the centering force imbalance are not connected with the
cortical pulling forces. In addition, it was possible to show that the boundary condition
of growing microtubules in contact with the cortex are not changed, which may be an
indication that the cortical pulling forces are not active in the cortex during centering as
the motors in contact with it should change its dynamics if they have the same behavior
in the C. elegans embryo as observed in-vitro.
5.6 gpr-1/2 & fzy-1 RNAi protocol
The RNAi experiments were done as described in the section 3.5.6. For a complete list
of the genes of the feeding E. coli clones, see the table 3.3.
gpr-1/2 RNAi: L4 worms were let at 22C for 48-60 hours in feeding plates with the
gpr-1/2 E. coli. RNAi treatment was considered eective as oscillations disappear and
because symmetric cell division occurred [89], see Figure 5.3.
fzy-1 RNAi: L4 worms were let at 22C for 10-18 hours in feeding plates with the fzy-1
E. coli. Some worm were sterile at longer times than 12 hours and completely sterile
at times longer than 18 hours. As fzy-1 also aect meiosis [140], it is possible that this
process was impeded when the FZY-1 levels were highly reduced by long RNAi feeding
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times.
gpr-1/2 & fzy-1 RNAi: L3 worms were let at 22C for 48 hours in feeding plates
with the gpr-1/2 E. coli and then transferred for 12-20 hours to a feeding plate with
two populations of E. coli : gpr-1/2 & fzy-1, in a proportion of 3:1, 2:1 or 1:1 (gpr-1/2
: fzy-1). The centering properties of the spindle were not dierent using any of those
ratios, but some sterility was reached by 1:1 as highly eects of the fzy-1 RNAi are
expected in this ratio.
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6
Eect of the cortical catastrophe of
microtubules on the centering forces
of the mitotic spindle
T
he residency time of microtubules at the cortex is an important
parameter for centering as it determines the boundary condition of
the microtubules with the cortex. This chapter shows how remov-
ing the cortical catastrophe factors in the C. elegans embryo can change the
boundary conditions of the microtubules at the cortex. Surprisingly the cen-
tering forces do not change when cortical catastrophes factors are removed;
despite the number of microtubules presented in the cortex was twice as
much as in the WT embryos. Based in those results, it is proposed that
the cortical catastrophe factors are important for centering as without them,
long and buckle microtubules are presented in the system, which can bare
less load, making them useless for the centering process. Additionally, this
chapter present evidence to refute the previous idea that the cortical pulling
forces are enhanced when the residency time of the microtubules is increased.
6.1 Relevance of the residency time of microtubules at the
cortex on centering
Although in in-vitro experiments the microtubules exhibit dynamic instability, which is
stochastic (see section 1.1), the microtubules in the C. elegans embryo exhibit a spa-
tial control of the microtubules phase-change1. Normally, the microtubules of the C.
1Rescues and catastrophes.
121
CHAPTER 6. Eect of the cortical catastrophe of microtubules on the centering forces
of the mitotic spindle
elegans embryo grow from the centrosome until they reach the cortex without cytoplas-
mic catastrophes [71] but as they enter in contact with the cortex they undergo rapidly
catastrophe events [37, 72] to then shrink all the way back to the centrosome. This
control on the microtubules phases may be the way to the spindle to sense its space,
while the microtubules are growing, cytoplasmic catastrophes are to be avoided as this
will bring little or none spatial information to the spindle about its localization in space.
But as microtubules nd the boundary, they shrink as arguably the microtubules have
accomplished one of its functions: sense the space2. This very short residency time in
the cortex also make sense as it may be desired to reuse the material (tubulin subunits)
of those microtubules that already found the boundary to nucleate/growth other micro-
tubules which have not. In this manner, the cell may reuse the material and possibly
increase the turnover of the population of microtubules which ultimately will enhance
the centering process as the frequency with which the spindle can sense its environment
may depend directly on the turn over time [121]. Overall it seems that this brief contact
of the microtubules with the cortex may be important for spindle centering.
The residency time (of microtubules at the cortex) is an important parameter when
models based on cortical pushing forces or cortical pulling model are built. For a 1D
pushing model, the centering force is expected to increase as the pushing time (residency
time) is increased as more microtubules would push against the boundaries when the
residency time is increased [73] (see section 1.4.1). For a cortical pulling model, where
the microtubules slide along the cortex and gets captured by molecular motors (i.e.
dynein), the residency time is important as it relates to the probability of being captured
and as long sliding times would allow the angular density of microtubules to change,
which is crucial for some cortical pulling models [111] (see section 1.4.2). For hybrid
models (pushing and pulling), the residency time is also important as the friction of the
microtubules at the cortex, which provide the pushing force and the probability of being
captured by a molecular motor, depend on this parameter [74]. Overall it seems that the
residency time of microtubules at the boundary is an important parameter that have to
be described in order to propose accurately centering models.
Experimentally, the cortical catastrophe is important as asters conned in micro-chambers
lose their centering properties when the microtubules growth too long (for a prolonged
time) along the cortex in the absence of cortical catastrophe factors [96], and only when
catastrophes are present [98] or when the microtubules boundary behavior is regulated
such asters recover its centering properties [28]. In the other hand, in in-vivo experi-
ments using C. elegans as a model organism, it has been suggested that the residency
time is also crucial for the oscillation of the spindle during cell division [37]. For instance,
in yeast it has been seen that long microtubules, can aect the proper positioning of
the spindle [193]. From those experimental results, it seems that it is worth to look at
the residency time of microtubules at the boundary as it seems that it truly aect the
centering properties of the spindle.
2The second function of the microtubules in centering is to transmit the force. See section 1.4
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Figure 6.1: Microtubules at the cortex with and without the presence of
cortical catastrophe factors. Top: Maximum projection of microtubules at the
cortex within 1 second. Bottom: Maximum projection of microtubules at the cor-
tex within 10 seconds. Left: microtubules at the cortex in a WT embryo. Right:
microtubules at the cortex in a efa-6 RNAi embryo.
Due to the importance of the residency time of the microtubules at the cortex this
chapter examines more deeply how this parameter aect the behavior of the microtubules
at the cortex and how it changes the centering forces.
6.2 Change of the microtubules cortical catastrophe by
efa-6 RNAi
Despite its obvious importance, there are few works in the literature that have attempted
to study the eect of the residency time in the positioning of the spindle. It is known
that in C. elegans the microtubules enter in contact with the cortex for 1-3 seconds
before they depolymerise [37, 72]. This fast depolymerization in the cortex seem to
be triggered by a cortical catastrophe factor called EFA-6 that sits on the cortex and
upon removal could increase in  5 times the residency time of the microtubules at the
cortex [72]. More than only the residency time changes, it is obvious that when efa-6 is
removed the balance of forces acting on the centrosome changes as sometimes one of the
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Figure 6.2: Boundary conditions of the microtubules at the cortex when
the cortical residency time is increased. Comparison between WT embryos (red),
efa-6 RNAi embryos (green) and efa-6 & gpr-1/2 RNAi embryos (blue). A. Microtule
velocity along the cortex B. Residency time of growing microtubules at the cortex
C. Slide distance of the microtubules along the cortex D. Microtubule density at the
cortex. For every statistic, three values are displayed: The t from a model (Exponential
decay for residency time and running length and Gaussian for running speed), the error
represents the 95% condence interval out of the non linear square t; the mean value
and standard deviation from the total amount of microtubules observed and the mean
and standard deviation out of the values of mean values of every embryo.
centrosomes gets detached from the NCC during NCC migration and as in the absence
of efa-6 the oscillations of the spindle during late metaphase or anaphase gets reduced
or abolished [72]. This phenotype has been associated with an increase of pulling forces
but such arguments lack of experimental proof.
To study the eect of the removal of the cortical catastrophe factor on the behavior
of the microtubules at the cortex, efa-6 was removed by RNAi (see section 3.5.6) and
the growing microtubules were imaged at the cortex (see section 2.2.2). As reported
before, upon the removal of this cortical catastrophe factor, the growing microtubules
tips remain for longer periods of time at the cortex (see gure 6.1) and its residency time
increased by a factor of  3.8 when compared with the WT case (see gure 6.2). The
residency time showed an exponential distribution that is dierent from the Gaussian
distribution reported when efa-6 is removed [72] but is in agreement with the distribution
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Figure 6.3: Apparent velocity of microtubules at the cortex with buckling
and non-buckling behavior. The apparent velocity (V +c , red arrow) of growing
microtubule that found the cortex (red), when it buckles (blue) is about the velocity at
the cytoplasm (V +) times the sine of the angle with respect to the axis orthogonal to the
boundary (V c+  sin). For a non-buckled microtubule that growths at  0.8 m=sec,
the apparent velocity after one second is  5 m=sec for the non-buckling case. Even
when the velocity at the cortex is half of the velocity of the cytoplasm (magenta) after 1
second the microtubule reached the cortex (see gure 6.4), the apparent velocity should
be  3.5 m=sec. The apparent velocity of a microtubule that buckles (blue) is V +,
where  < 1. This latter case is much more representative of the experimental data
(see gure 6.2).
found for WT in this work (see section 2.2.2) and others [37]. Additionally, it was
observed that the microtubules tips grow 50% faster in efa-6 RNAi in comparison with
the WT. There are two explanations for this result: (i) as the microtubules grow against
the cortex there is a compression force that make the microtubules slide (possibly after
buckling) along the cortex when the friction between the microtubules tips and the
cortex is low enough [74]; (ii) as the microtubules stay longer in the cortex they could be
captured by minus-end directed motors (i.e. dynein) that could add some apparent speed
to its growing end [108]. The rst argument comes from a pushing model mechanism
point of view as the existence of friction assume some compressive force, while the second
argument supports the idea that the microtubules would have a higher probability of
being pulled if they stay longer at the cortex, supporting a cortical pulling mechanism.
These results suggest the eectively the removal of efa-6 increases the residency time of
growing microtubules at the cortex and that it can aect the forces transmitted by the
microtubules to the centrosomes.
In order to examine the eect that cortical pulling forces have when the microtubules tips
stay for longer periods of time at the cortex, microtubules growing tips were examined at
the cortex in embryos where the cortical pulling forces (gpr-1/2 RNAi) and the cortical
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Figure 6.4: Apparent velocity of microtubules at the cortex. A. The apparent
velocity (V c+, red arrow) of growing microtubule that found the cortex (red), when it
buckles (blue) is closer to the cytoplasmic velocity V + when the microtubule remain
for longer times growing at the cortex as the angle between V + and V c+, get smaller.
B. Evidence of this can be seen in the bottom gure where the V c+ is a function of time
V c+(t). The two dashed lines correspond to the velocity of microtubules at the cortex in
efa-6 RNAi ( 700 nm/sec) and in the cytoplasm (800 nm/sec). C. The microtubules
at the cortex in the WT embryos slow down instead of speed up. The extra dashed
line corresponds to the velocity of microtubules at the cortex in WT embryos ( 450
nm/sec). The slow down in speed of WT cortical microtubules has an exponential
behavior with time constant,  = 0.58  0.32 seconds, a oor of 298.4  25 m=sec
and an exponential factor of 772  571 m=sec, which is very similar to the cytoplasmic
velocity (values are presented as mean  95% condence interval from the t).
catastrophe factor (efa-6 RNAi) were reduced simultaneously. In this background, the
microtubules presented similar behavior compared when only the cortical catastrophe
factors were depleted (see gure 6.2). These results argue that the cortical pulling forces
do not aect the dynamics of the microtubules at the cortex even when they grow along
it for longer times and that possibly the increase in velocity is because the microtubules
buckle, which allow their tips to growth with a shallower angle with respect to the cortex,
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which also may allow the microtubules slide easily along it [74]. This is plausible as the
EB1 comets in the efa-6 RNAi embryos seem to run parallel to the cortex, which will
explain why the sliding velocity along the cortex is similar to the growing velocity of
microtubules tips in the cytoplasm (see gure 2.6). This argument is also supported as in
the non-bluckling scenario, the apparent velocity of the microtubules at the tips should
be  6-7 times the observed velocity of the cytoplasmic velocity, having sliding lengths
of  4-5 m over one second, which is inconsistent with the results (see gure 6.3 and
6.4A). A possible prove that this is what it is happening with the microtubules at the
cortex of the C. elegans embryo, is the fact that the sliding velocity (or apparent velocity)
seems to be function of time (V +C (t)), where very long microtubules reach velocities very
similar to the cytoplasmic ones (see gure 6.4B). It is also possible to suggest that efa-6
may be involve slowing down the microtubules at the cortex as its velocity is higher than
WT, even at very short periods of contact. Because of this observation, it is possible
to suggest that the presence of efa-6 at the cortex make the microtubules tips unstable,
which reduce its growing velocity and nally promotes its catastrophe. This hypothesis
will also suggest why the very persistent microtubules (> 11 seconds) in the efa-6 RNAi
background also slows down (see gure 6.4C). These results are very valuable as they
present evidence that the microtubules buckle when they nd the cortex, which support
the existence of a compressive force in the microtubules, which also support the cortical
pushing model. Additionally, these results oer evidence that the cortical catastrophe
factors are involved in destabilizing the microtubules tips.
Additionally, removing the cortical catastrophe factors increase by  2-3 fold the density
of microtubules present at the cortex (see gure 6.2). This is expected, as the contact
probability of the microtubules with the cortex is increased because the cytoplasmic
growth and shrinkage velocity do not change but the residency time does (see equation
2.4).
In summary, those results show eectively that the cortical catastrophe factors change
signicantly the behavior of the microtubules at the cortex. Additionally, they present
evidence of microtubules buckling that support the cortical pushing model.
6.3 Inuence of the residency of microtubules at the cortex
with the centering force
As described before, the residency time is thought to aect signicantly the forces trans-
mitted by the microtubules to the centrosome. As a rst hypothesis and in the context
of the cortical pushing model, the centering forces of spindles whose microtubules have
a higher, pushing probability should increase, as more microtubules are expected to bal-
ance the forces [73, 74]. In order to study how the increase in the residency time aects
the centering forces, position perturbation experiments were performed on the spindle on
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Kelvin−Voigt element:
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Figure 6.5: Comparison of the overall behavior of the spindle under load
when the cortical residency time is increased. The characteristic behavior of
the spindle under load is shown for WT embryos (red) and for embryos treated with
gpr-1/2 & efa-6 RNAi (blue). The mean of the force-scaled displacement (circles) and
the SEM (error bars) are displayed. Using the mean and the SEM as weight a the
Kelvin-Voigt element model (equation 4.1) were t to the data (non-linear squared t)
and the value of its parameters from the t is displayed for every mean behavior with
the 95% condence interval. N correspond to the number of traces collected out of N
embryos. The p value of the F-test is > 0.05 in each case, when compared with a two
exponential model (data not displayed).
embryos treated with a combination of efa-6 and gpr-1/2 RNAi. The gpr-1/2 RNAi was
used as a method to ensure that there are not cortical pulling forces in the system and
only the cortical pushing model could be evaluated. Surprisingly, the centering forces of
the spindle of embryos treated with RNAi remain very close to the values presented for
the WT embryos (see gure 6.5). This is counter intuitive because with an increase of
the 3.2-3.8 folds in the pushing probability, which increase the density of microtubules
at the cortex by 2-3 folds (see gure 6.2) centering forces up to 4 times higher the forces
of the WT embryos were expected [73]. In the efa-6(& gpr1-2) RNAi, the density of
microtubules is 2-3 times compared with the WT embryos, but the centering forces
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Figure 6.6: Comparison of the overall relaxation behavior of the spindle
after load when the microtubules cortical residency time is increased. The
characteristic behavior of the spindle after load is shown for WT embryos (red) and
for embryos treated with gpr-1/2 & efa-6 RNAi (blue). The mean of the force-scaled
displacement (dots) and the SEM (error bars) are displayed. Using the mean and the
SEM as weight a single exponential (solid line) and two exponential (broken line) model,
were t to the data (non-linear squared t) and the value of its parameters displayed
for every mean behavior with the 95% condence interval. The p value of the F-test is
<< 0.01 in each case, when compared with a two exponential model (solid line).
remain the same and if the force gets distributed uniformly it means that each of the
microtubules can support in average one third of the load than the microtubules of the
WT embryos.
The relaxation times of the efa-6(& gpr1-2) RNAi embryos remain very similar to the
relaxation times of the WT embryos (see gure 6.6). This is expected as the same
centering forces of both populations are the same (see gure 6.5) and the restoring time
may scale with the centering forces or with the microtubules growing time [73], which
is not expected to change in this background.
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Figure 6.7: Model of the eect of an increased cortical residency time of the
microtubules in the centering cortical pushing model context. In the presence
of buckling the microtubules would buckle when they grow against a boundary, but
shrink fast thereafter in the presence of a cortical catastrophe factors, which oer a high
cortical catastrophe rate (Kcat") and few or not sliding along the cortex is expected.
But in the case of a low catastrophe rate (Kcat#, i.e. efa-6 RNAi), the microtubules
slide along the cortex (see gure 6.2 and 6.1) and the load that those microtubules are
able to aord decreases to more than one fourth [73]. In the efa-6 RNAi embryo, more
microtubules are expected to be in contact with the membrane, but those microtubules
are divided into two populations WT-like buckled microtubules (light blue), which are
possibly the ones that provided the centering forces and highly buckled microtubules
(blue) that may not provide enough force transmission to the centerosome.
6.4 gpr-1/2 & fzy-1 RNAi protocol
The RNAi experiments were done as described in the section 3.5.6. For a complete list
of the genes of the feeding E. coli clones, see the table 3.3.
efa-6 RNAi: L4 worms were let at 22C for 48-60 hours in feeding plates with the
efa-6 E. coli. The RNNi was considered eective as oscillations were highly reduced and
when centrosome detached from the NCC during NCC migration [72]
gpr-1/2 & efa-6 RNAi: L3 worms were let at 22C for 48-72 hours feeding plate with
two populations of E. coli : gpr-1/2 & efa-6 in a proportion of 1:1 (gpr-1/2 : fzy-1).
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Eect of the number of MTs on the
centering forces of the mitotic spindle
T
his chapter focus its attention in the dependency on the cen-
tering forces with the number of present microtubules in the C. ele-
gans embryo, as the centering forces should increase linearly with the
number of microtubules despite the underlying centering mechanism: corti-
cal pushing model, cortical pulling model or cytoplasmic pulling model. This
chapter shows that the centering forces increase with the number of micro-
tubules in the C. elegans. Although, these results do not help to elucidate
the underlying mechanism, they show that the centering forces scale with
the number of microtubules and that the system can be eectively tested by
the proposed technique.
7.1 Relevance of the microtubules number on centering
The microtubules radiating from the centrosomes (MTOCs) are the entities that me-
diated the spindle centering, as they are the ones that explore the boundaries of the
space and send the spatial information to the system (see section 1.4). As arguably the
microtubules are one the most important components for the centering process, it is
to suggest that an alteration in its total number would aect the centering properties
of the system. For the cortical pushing model, the centering force is expected to scale
linearly with the number of microtubules [73, 74] because the net restoring force (F )
is equal to the vectorial sum of the pushing force of all the pushing microtubules, and
the dierence is expected to scale with the total number of microtubules (N) in the
system if the pushing probability(p) is not aected (F / Npfe [73]; see section 1.4.1
and gure 7.1). Additionally, the stability of the spindle should also increase with the
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Figure 7.1: 1D model of the inuence of number of microtubules . For the
pushing model, the net force equals the dierence of pushing microtubules between the
2 boundaries for a 1D system. A. The dierence is only one microtubule, which means
that the net force equals the force of one pushing microtubule (Fe). B. When the
number of nucleating microtubules is increased by two fold, the dierence of pushing
microtubules is 2 and the net force equals its sum (2Fe).
number of microtubules [73, 121]. For the cortical pulling model , the number of micro-
tubules also relates directly to the restoring force, as more microtubules can associate
with the cortical pulling force generators. But eventually the restoring force in the cor-
tical pulling model will reach a maximum value as the force generators reach saturation
by microtubules. In C. elegans embryos, if the cortical pulling forces are responsible
for the centering mechanism, this saturation value is expected to be reached soon as
there are much more microtubules reaching the cortex (see section 2.2.2) than cortical
pulling force generators [65], with a ratio of  5:1 , microtubules : force generators. For
the cytoplasmic pulling model , the centering force is also expected to increase with the
number of microtubules as the centering force increase with the total microtubule length
dierence as the total number vesicles running along microtubules scales linearly with
this parameter (see section 1.4.4).
In summary, the centering force should relate to the number of total microtubules in
the system despite the underlying centering mechanism. Therefore, this chapter focus
its attention in the dependency of the centering forces with the number of microtubules
present in the system.
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Figure 7.2: .
Eect of klp-7 and spd-2 RNAi on the NEBD-metaphase & metaphase cell
cycle timing and centering properties A. NEBD-metaphase B. Metaphase C.
Perfect centering D. A-P axis centering. For more explanation, see section 3.6
7.2 Increase of the number of microtubules nucleating from
the centrosome using klp-7 RNAi
In order to alter the number of microtubules present in the C. elegans embryo, dierent
proteins can be altered using RNAi. Reducing levels of proteins which are involved in
the centrosome nucleation, microtubules dynamics or tubulin assembly, would reduce
the number of microtubules nucleating from the centrosome [71]. The main problem
with this approach is that the centering properties of the spindle gets reduced (see g-
ure 7.4), as the centering mechanism cannot act due to the lack of force transmission
entities (i.e. microtubules), which make dicult to evaluate the centering properties of
the spindle in this RNAi background. An alternative is to increase naturally the amount
of nucleating microtubules in the C. elegans embryo using klp-7 RNAi [70, 71]. klp-7 is
the only gene predicted to encode kinesin-13 subfamily members in C. elegans [194] and
as Kinesin-13 proteins are microtubule depolymerases that target microtubule ends, it is
presumable that KLP-7 decreases the stability of nascent nucleated plus ends or micro-
tubule nucleation at the centrosome [70]. Both in C. elegans embryos and in Xenopus
egg extracts, KLP-7 has been shown to alter the number of microtubules nucleating from
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Figure 7.3: Eect of the klp-7 RNAi in the number of microtubules nucle-
ating from the centrosome of the C. elegans embryo. The Spindles of embryos
under klp-7 RNAi have more microtubules nucleating from their centrosomes. A. WT
embryo. B. klp-7 RNAi embryo. left: single frame (200 ms). Right: Maximun
projection over 10 frames (2 seconds).
the centrosome [71, 195]. When KLP-7 amount is reduced in C. elegans embryos, the
number of microtubules increase by double [71], which is consistent with the hypothesis
that klp-7 decreases the stability of nascent nucleated plus ends or nucleation, although
the microtubules polymerization rate gets also reduced which is counterintuitive to the
KLP-7 function and this phenomenon yet lack of explanation. Additionally, the fact
that codepletion of KLP-7 rescues the microtubule outgrowth defect in rsa-1(RNAi)
and rsa-2(RNAi) embryos also support this hypothesis [70]. Due to the previous results,
it was decided to evaluate the possibility to use klp-7 RNAi to change (increase) the
number of microtubules in the C. elegans embryo.
Before the klp-7 RNAi is used to test the dependency of centering forces on the number
of microtubules in the C. elegans embryo, it is necessary to evaluate what are the param-
eters changing under this RNAi background, in order to know if the klp-7 RNAi change
some important parameter(s) for the centering process. The properties here evaluated
were: centering properties, microtubules density prole, microtubules density in the cor-
tex and microtubules boundary conditions (see chapter 2). When the klp-7 RNAi was
used on the embryos neither the centering properties, nor the spindle assembly was af-
fected (see gure 7.2), which gives a good indication that the reduction of this kinesin do
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Figure 7.4: Eect of the klp-7 RNAi in the microtubules density prole
in the cytoplasm and polymerization speed in the C. elegans embryo. The
Spindles of embryos under klp-7 RNAi (Black) have more microtubules nucleating from
their centrosomes when compared with the WT (red) and the density prole is also
changed. The density proles were built as described in the section 2.2.1. For WT,
the microtubules nucleating from 10 centrosomes out of 5 embryos and for klp-7, the
microtubules nucleating from 2 centrosomes out of 1 embryos were used to build the
prole. The velocity of microtubules tips in the cytoplasm is reduced in klp-7 RNAi
embryos (black) in comparison with the WT (red). The klp-7 cytoplasmic speed do
not have error bars as it was built using data from a single embryo. The amount of
microtubules used to build these distribution was 9264 microtubules out of 5 embryos
for WT and 3910 microtubules out of 1 embryo for klp-7 RNAi.
not aect the formation of the spindle or its centering properties. In the same manner,
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there was not evidence that the klp-7 RNAi treatment aect the boundary conditions of
the microtubules at the cortex, which are important parameters for the centering process
(see chapter 6). The only parameter that seems to be aected drastically by the klp-7
RNAi is the number of microtubules nucleating from the centrosome (see gure 7.3).
The number of nucleating microtubules increase by two fold, as reported before [71], and
the microtubules density prole of microtubules at the cytoplasm also increased 2.5 folds
in average (see gure 7.4), although the prole was not as smooth as the one found for
the WT. These results suggest that the KLP-7 intervenes in the nucleation properties of
the microtubules and that its depletion eectively increase the number of microtubules
nucleating from the centrosome without aecting much their behavior in the bulk, which
may indicate that klp-7 acts mainly at the centrosome as suggested previously [70]. The
polymerization speed was reduced under klp-7 RNAi (see gure 7.4), which is consistent
with previous reports [71] but counterintuitive for the KLP-7 function, as KLP-7 is ex-
pected to unstabilize microtubules and upon depletion one would expect an increase of
speed or at least not its reduction. One option is that the number of microtubules is too
high and that the available material in the C. elegans embryos (tubulin and others) is
not enough to support the increased growth of microtubules. Possibly, the role of klp-7
is too keep the number of microtubules such that its growth can be supported but the
available material in the cell. This hypothesis is consistent with in-vitro experiments
where the concentration of building material (i.e. tubulin) has been shown to aect
the microtubules polymerization rate [4], yet this hypothesis is only one possibility and
experimental work should be carried in the future in order to test it.
Finally, consistent with the increased of microtubules at the bulk, the numbers of mi-
crotubules reaching the cortex also increased by 3 fold, to levels close to the ones found
in efa-6 RNAi (see gure 7.6 and7.5). Even when the pushing probability is decreased
(due to a lower polymerization speed, see equation 2.4) the number of microtubules in
contact with the cortex is increased, which means that the increment of the number of
microtubules in the cytoplasm overcompensate the fact that the contact probability is
lower.
As the KLP-7 seemed to be a good candidate to change (increase) the number of mi-
crotubules in the system, and as other alternatives which decrease the number of micro-
tubules are not suitable, it was decided to use the klp-7 RNAi to evaluate the inuence
of the number of microtubules in the centering forces.
7.3 Centering forces of the spindle of C. elegans when the
nucleating microtubules is increased
In order to test the eect that an increment of the number of microtubules by klp-7 RNAi
has in the centering forces of the spindle in the C. elegans embryo, position perturbation
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Figure 7.5: Eect of the klp-7 RNAi in the number of microtubules reaching
the cortex in the C. elegans embryo. Microtubules at the cortex as described in
the section 2.2.2. Top: Intensity maximum projection over 2 seconds (200ms/frame).
bottom: Intensity maximum projection over 10 seconds (200ms/frame). Left: WT.
Center: efa-6 RNAi. Right: klp-7 RNAi.
experiments (see section 4.2.1) were ran under this background (see section 7.5). Overall
the forces needed to move the centrosome out of the center by the same distance as move
in the WT embryos were increased by two fold (see gure 7.7) and the initial velocities
of the creep were also slower.
At the beginning of the creep response, the movement of the centrosome was much slower
than in WT embryos (see gure 7.7), which lead to drag coecients estimations of more
than 2 times the drag coecient found for the WT embryos. If one thinks that the drag is
associated with an reorganisation of the microtubule aster [73], this result is expected as
more microtubules are found close to the cortex (see gures 7.4 and 7.6), which can make
the level of reorganisation higher and therefore slower when compared with WT. In the
same manner as the microtubules polymerization velocities of the klp-7 RNAi embryos
were reduced (see gure 7.4), the drag coecient is expected to increase as the molecular
drag is inversely related to the growing velocity (   2N Fe
V +
[73]). The amplitudes of
the movement of the spindle were also reduced and higher spring constant were found
for the spindles of the klp-7 RNAi embryos. This is also expected as the spring constant
depends on the number of microtubules (K  NFe pX0 [73]), nevertheless, the increase
was smaller than expected. In a system with the double number of microtubules (as
seen in the klp-7 RNAi embryos), an increase by two fold (100% over the observed value)
in the spring constant is expected, but in the experiments the increase was only of 41%
when the whole trace was taken into account and of 71% when only the latter points
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Figure 7.6: Boundary conditions of the microtubules at the cortex when the
number of cytoplasmic microtubules is increased by klp-7 RNAi. Comparison
between WT embryos (red), klp-7 RNAi embryos (black). A. Microtubules velocity
along the cortex B. Residency time of growing microtubules at the cortex C. Slide
distance of the microtubules along the cortex D. Microtubule density at the cortex.
For every statistic, three values are displayed: The t from a model (Exponential
decay for residency time and running length and Gaussian for running speed), the error
represents the 95% condence interval out of the non linear square t; the mean value
and standard deviation from the total amount of microtubules observed and the mean
and standard deviation out of the values of mean values of every embryo.
of the creep behaviors were taken into account. This suggests that the increase in the
spring contact is not as linear as suggested before [73]. Ultimately, the behavior of the
centrosome showed a more clear plateau when compare to WT, which is similar to the
expected behavior of a viscoelastic element under load (see gure 4.3) and it supports
better the hypothesis that the behavior of the spindle under load can be modelled as
a Kelvin-Voigt element. Possibly, the increase of the microtubules number increased
the spring constant such that the time constant of the system () reach values that are
observable in the position perturbation experiment.
The relaxation behavior of the centrosome in the klp-7 RNAi embryos was slightly faster
than in the WT embryos. This result is consistent with the previous experiments, where
a higher spring constant implied as well as faster recovery (see chapters 10 and 6), despite
the drag coecient was also increased ( = =). Nevertheless, is in klp-7 RNAi embryos
and in the small cells of the two-cell stage embryos (see chapter 8), where this behavior
is more pronounce as the spring constant increase signicantly. Finally, the relaxation
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pN*sec/um
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Figure 7.7: Comparison of the overall behavior of the spindle under load
when the cytoplasmic microtubule number is increased. The characteristic
behavior of the spindle under load is shown for WT embryos (red) and for embryos
treated with klp-7 RNAi (black). The mean of the force-scaled displacement (circles)
and the SEM (error bars) are displayed. Using the mean and the SEM as a weight a
the Kelvin-Voigt element model (equation 4.1) were t to the data (non-linear squared
t) and the value of its parameters from the t is displayed for every mean behavior
with the 95% condence interval. Two ts are presented for the klp-7 data, using the
complete set of data (solid line) and only the data from 7 seconds on (broken line).
N correspond to the number of traces collected out of N embryos. The p value of the
F-test is > 0.05 in each case, when comparedd with a two exponential model (data not
displayed).
of the centrosome in the klp-7 embryos follows a single exponential rather than a two
exponential behavior (p value from F-test > 0:05, see gure 7.8). This, is dicult to
explain as the two exponential behavior of the relaxation phase is not well understood
and any of the proposed reasons for this behavior have the number of microtubules as
important parameter (see section 4.6). It may be possible that the higher drag coecient
is strong enough to over-damp this behavior, although this is unlikely as the same two
exponential behavior has been seen when the spring constant is increased by 2 fold and
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Figure 7.8: Comparison of the overall relaxation behavior of the spindle
under load when the cytoplasmic microtubule number is increased. The
characteristic behavior of the spindle after load is shown for WT embryos (red) and for
embryos treated with klp-7 RNAi (black). The mean of the force-scaled displacement
(dots) and the SEM (error bars) are displayed. Using the mean and the SEM as weight
a single exponential (solid line) and two exponential (broken line) model were t to the
data (non-linear squared t) and the value of its parameters displayed for every mean
behavior with the 95% condence interval. The p value of the F-test is << 0.01 for the
WT and > 0.05, when compared with a two exponential model (solid line).
5 fold (see chapters 8 and 9). A second possibility is that the two exponential behavior
of the centrosome is present in the data, but this behavior is dicult to see as the set of
data is not as complete (N=7, 14 seconds relaxation time) as in the other experiments.
7.4 Analysis and conclusions
In this chapter it was shown how the number of microtubules present in the system
aect the centering forces of the C. elegans spindle. In conclusion, a higher number of
microtubules means higher centering forces which lead to faster recoveries after position
perturbations and possibly a lower number of microtubules would have opposite eects.
This is consistent with the thinking that a higher number of microtubules also mean
that more force (centering) generators can act simultaneously, which is predicted by the
tree models (cortical pushing model, cortical pulling model & cytoplasmic pulling model).
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This conrms that the microtubules are the force transmission entity of the centering
mechanism.
Additionally, this chapter also gives insights on the importance of the residency time of
the microtubules at the cortex (see chapter 6), as the amount of microtubules in contact
with the cortex in the efa-6 and klp-7 RNAi embryos were comparable (see gures 6.2 and
7.6) but only the klp-7 RNAi embryos, presented higher spring constants. This support
the hypothesis that not only the amount of microtubules but a cortical transient time
is important for centering as longer residency times generate long buckled microtubules
that cannot contribute to the centering process (for more explanation, see chapter 6).
Together the results of this chapter with the ones in the previous chapter reinforce the
importance of the cortical catastrophe factors (i.e. EFA-6) in the centering process.
7.5 klp-7 & spd-2 RNAi protocol
The RNAi experiments were done as described in the section 3.5.6. For a complete list
of the genes of the feeding E. coli clones, see the table 3.3.
klp-7 RNAi: L4 worms were let at 22C for 36-48 hours in feeding plates with the
klp-7 E. coli. The worms present some sterility when longer periods (> 48 hous) of
RNAi feeding were applied. More than 60 hours of klp-7 RNAi feeding generated sterile
worms.
spd-2 RNAi: L4 worms were let at 22C for 3-12 hours in feeding plates with the
klp-7 E. coli. The worms present some sterility when longer periods (> 6 hous) of
RNAi feeding were applied. More than 14 hours of spd-2 RNAi feeding generated sterile
worms.
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8
Eect of the cell size on the centering
forces of the mitotic spindle
C
ell size is a parameter that changes dramatically during develop-
ment, for example, in C. elegans or Drosophila embryos, the cell size
can change over several orders of magnitude during development.
Despite the dramatic change in size, the mitotic spindle keeps performing
eectively the task of centering at every cell division during the development
of the organism. As the cell size changes, but the function of the mitotic
spindle remains unchanged, it is easy to think that the spindle must accom-
modate its dynamics to meet the requirements of the cell size. To clarify
how the mechanical properties and the centering forces of the spindle change
in relation to the cell size, this chapter describes the forces associated with
the spindle of the two-cells and four-cells stages of the C. elegans embryo in
relation to the change of microtubules dynamics. Additionally, this chapter
describes how the cell size may aect the expected forces in the dierent cen-
tering models (cortical pushing model, cortical pulling model and cytoplasmic
pulling model) and discuss how the results obtained may help us to elucidate
the centering mechanism.
8.1 Importance of the cell size in centering
Cell size is a parameter that changes dramatically during development, for example, in
C. elegans embryos, the cell size can change over several orders of magnitude during
development: while the single cell embryo has a cell size of 50  30 m, cells in the
blastomere of the developing embryo can have sizes of few microns in length [196].
Together with a change of the cell size, there is a change of the spindle size and some
143
CHAPTER 8. Eect of the cell size on the centering forces of the mitotic spindle
dynamics (e.g rate of displacement during anaphase) [196], which argue that the forces
associated with the spindle must depend on the cell size. Arguably, the bigger the cell
the most dicult should be for the cell to nd the center and remain in position and
therefore it is easy to think that the bigger a cell is, the higher the centering forces must
be. Although this simple idea is attractive, is probably not true as many mechanisms of
force generation or transmission in the cell scales not linearly with its size. An example
of this is the buckling forces of the microtubules (fe) that scale inversely with the square
its length (Fe  AEIL2 ). For example, it is known that the cortical pushing model is
sucient to explain the centering of the spindle in ssion yeast that is only few microns
long and need only few microtubules to ensure the centering of its spindle [99], while
the C. elegans embryo which is much bigger uses  2000 microtubules to exert the same
functions. Despite the dierent in size and the amount of force transmission entities (i.e.
microtubules), the forces expected in the two systems may be comparable. For the C.
elegans , forces of  20 pN are expected to displace the spindle by one micron and those
forces are distributed in the system (possibly through the  250 microtubules in contact
with the cortex. see section 2.2.2) which are comparable to the forces done by a pair of
microtubules responsible for centering in the ssion yeast that lead to the same  20 pN
[100]. This example demonstrates how the forces may or not change with the cell size
and it also demonstrates how the centering mechanism that a cell uses can also depend
on its dimensions. This fact is more striking in big cells, such as the Xenopus leavis
or see urchin embryos, that can reach dimensions of 1 mm, in which case neither the
cortical pushing of microtubules nor the cortical pulling are thought to be the dominant
centering force and a cytoplasmic pulling model is preferred to explain the centering in
these cells [115]. In the next paragraphs it is explained the eect that the cell size may
have on the dierent models.
Cortical pushing model Under the cortical pushing model the centering forces are
expected to increase when the cell size decreases. This fact comes from two reasons:
(i.) As the cell reduces its size the amount of force a microtubules is able to exert
against the boundaries increases in a non-linear manner because the buckling forces of
the microtubules (fe) scale inversely with the square its length (Fe  AEIL2 )[1]. For
example, in C. elegans  15 microtubules would be needed to support 20 pN of force
in an embryo with 15 m of radius, only 3-4 microtubules would be needed to support
the same force for an embryo of half of this size. Therefore, a system which maintains
constant its microtubules number but reduces its cell size by half should be able to exert
3 times higher pushing forces. Under this frame of work, the centering is enhanced
by buckling as the microtubules of the site where the MTOC is moving forward can
support more load while the microtubules of the opposite site can support less and its
change is non-linear with the MTOC displacement. (ii.) As the cell reduces its size the
pushing probability of each microtubule increases, which would increase the number of
pushing microtubules any single point of time increasing the imbalance of forces when
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the spindle is o-center (see gure 8.1 and equation 2.4). In summary, under the cortical
pushing model reducing the cell size increases the restoring force thanks to the fact that
the pushing probability is increased which increase the imbalance of forces, which is
enhanced by the fact that the load that single microtubules can allow increases.
Cell radius (x0)
Displacement (x)
Pushing
force
Pushing
force
Net force (F)
Cell radius (x0)
Displacement (x)
Pushing
force
Pushing
force
Net force (F) Net force (F)
Net force (F)
Fe
FeFe
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Figure 8.1: Model of the eect of cell size on the centering forces.. When the
cell radius X0 d is reduced by d, the pushing probability (p) is increased as the fraction
of time when the microtubules growth and shrink decreases, because the distance that
they have to polymerise or depolymerise is reduced (X0   d, such that + = X0 dV + and
  = X0 dV   ) and the cortical residency time and V
 remain the same. In a system with
the same amount of microtubules (N) but closer boundaries (X0 d), the total amount
of microtubules touching the cortex at any given increases, which also means that the
dierence in the amount of microtubules in both boundaries also increases leading to an
increase of the centering force (F  NpFe, for the case of the Cortical Pushing Model).
A. Normal cell size. B. Smaller cell size.
Cortical pulling model It is dicult to predict the outcome of a reduction in size
under the cortical pulling model as the way microtubules associate with the cortical
force generators inuence greatly the behavior of the system (see gure 1.7). On one
hand, they can be enhanced as more microtubules reach the cortex, which would allow
more microtubules to be associated with the cortical force generators if their density is
not aected with the change in cell size. On the other hand, if the cortical pulling force
generators are saturated by the microtubules despite the cell size (as expected in the C.
elegans embryo, see chapter 10) the centering forces are expected to be reduced or at
least not changed.
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rφ r φ
Figure 8.2: Observation region of microtubules tips at the cytoplasm of the
C. elegans embryoExample of two regions of interest where the microtubules tips
were observed in the two-cell stage of the C. elegans embryo. The microtubules tips
were observed between 4 and 10 m from the center of the centrosome (see gure 8.3).
The integration distance was  1 m. A region of within ' 20o of the axis form by
the two centrosomes was not analysed as this region has the microtubules of the inner
spindle. The distance perpendicular to the centrosomes axis is considered the distance
centrosome-cortex (blue line). The contours of the embryo boundaries are shown with
a white broken line. Embryos: EB1::GFP.
Cytoplasmic pulling model The centering forces in the cytoplasmic pulling model
are not expected to change because the force(F ) depends on the amount of microtubules
(N), on the displacement out of the center (x), on the rate of vesicles landing (Kon)
and on the average force that each vesicle (fv) is able to produce but not on the cell size
(F / NxKonFv). One possibility is that the amount of internal components scales
with the cell size [142], which would reduce the amount of microtubules and vesicles
(aecting the Kon) in the cell, which as a consequence would decrease the centering
forces in the system. This argument is very important as it can be used to separate
cortical pushing model and cytoplasmic pulling model as they predict opposite results.
8.2 Estimation of the cytoplasmic microtubules in the two-
cell stage C. elegans embryo
Because the number of microtubules present in the system could determine the magni-
tude of centering forces of the system (see previous chapter) and its number is expected
to change with the cell size [142], the amount of cytoplasmic microtubules contributing
in centering was determined in the posterior cell of the two-cell stage C. elegans embryo
as described in the section 2.2.1 (see gure 8.2). It was found that the amount of nucleat-
ing microtubules from the centrosome was reduced in the two-cell stage when compared
with the one-cell stage (35 vs 45 microtubules, see gure 8.3 ACD), which is consistent
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Figure 8.3: Integration of microtubules in the cytoplasm of the two-cell
stage C. elegans embryo. A-B. Average number of observed microtubules from
the centrosome. The data represent the mean and the std of 10 centrosomes out of
5 embryos. The expected decay in microtubules due to volume without catastrophes
and assuming 30 microtubules growing at any time out of the centrosome is depicted
in green. The expected decay in microtubules due to volume with catastrophes and
characteristic lengths of 5, 7.5 and 15 m, which correspond to life times of 6.3, 9.4 and
18,8 seconds when a exponential distribution is assumed are depicted in gray. In red
is the number of microtubules integrated over the volume from the data in blue (same
as A). Red broken line represents the mean of the integrated number of microtubules
(red) from 4 to 10 m. The yellow region denotes the interval of the cytoplasm where
the results are reliable. C. Velocity of microtubules tip in the cytoplasm of the two-cell
stage embryo (cyan) compared with the single-cell stage embryo (red). D. Comparison
of the microtubules tips distribution between the two-cell stage embryo (cyan) and the
single-cell stage embryo (red). The reliable data lay between 5-15 m for the single-cell
stage embryo and between 4-10 m for the two-cell stage embryo (see gure 8.2) .
with a reduction in the microtubule nucleation capacity of the centrosome due to a re-
duction in centrosome building material [142]. Additionally, it was determined that the
cytoplasmic catastrophes are very rare or inexistent in the two-cell stage embryo, which
argue that the cytoplasmic dynamics of the microtubules do not change between those
two types of cells, which is supported by the observation that the cytoplasmic polymer-
ization velocity also remain unaected in the two-cell stage when compared with the
single-cell stage (see gure 8.3C). In summary, those results suggest that the amount of
microtubules responsible for centering scales with the cell size but its dynamics remains
unaltered.
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Figure 8.4: Boundary conditions of the microtubules at the cortex in smaller
cells. Comparison between single-cell WT embryos (red) and two-cell (posterior) WT
embryos (cyan). A. microtubules velocity along the cortex B. Residency time of grow-
ing microtubules at the cortex C. Slide distance of the microtubules along the cortex
D. microtubules density at the cortex. For every statistics, three values are displayed:
The t from a model (Exponential decay for residency time and running length and
Gaussian for running speed), the error represent the 95% condence interval out of the
non-linear square t; the mean value and standard deviation from the total amount of
microtubules observed and the mean and standard deviation out of the values of mean
values of every embryo.
8.3 Boundary condition of the microtubules at the cortex
in the two-cell stage C. elegans embryo
Because the amount of microtubules present at the cortex may alter the centering forces
of the spindle and it is expected a change in this parameter in the two-cell stage embryo,
the amount of microtubules at the cortex and their boundary conditions were evaluated
in the posterior cell of the two-cell C. elegans embryo stage as described in the section
2.2.2. It was observed that the boundary condition of the microtubules at the cortex do
not change during the two-cell stage embryo, which together with the results presented
in the previous section enhances the idea that the dynamics of the microtubules remain
unaltered between the single-cell and the two-cell stage. Surprisingly, there was an
increase of two times of the density of microtubules reaching the cortex despite there are
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 20% less microtubules in the system. This suggests that contact probability is more
aected than the nucleation capacities of the centrosome by the cell size. Although the
supercial area of the two cell stage is dicult to calculate due to its irregular shape (see
gure 2.4), if one assumes that the surface is reduced by the half in the two-cell stage
when compared to the single-cell,  294 microtubules are expected to be in contact with
the cortex at any single point of time (time integration of 200 ms), which is comparable
to the value found for the single-cell stage. In summary, the C. elegans embryo manages
to maintain the boundary conditions of the microtubules at the cortex as well as the
number contacting microtubules in between the single-cell and the two-cell stage.
0 5 10 15 20
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
Time (sec)
Ce
nt
ro
so
m
e 
dis
pla
ce
m
en
t /
 F
or
ce
 (u
m
/p
N)
Kelvin−Voigt element:
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Figure 8.5: Creep behavior of the spindle under load for smaller cells. The
characteristic behavior of the spindle under load is shown for single-cell WT embryos
(red) and for two-cells WT embryos, posterior cell (cyan) and anterior cell (magenta).
The mean of the force-scaled displacement (circles) and the SEM (error bars) are dis-
played. Using the mean and the SEM as weight a the Kelvin-Voigt element model
(equation 4.1) were t to the data (non-linear squared t) and the value of its parame-
ters from the t is displayed for every mean behavior with the 95% condence interval.
The p value of the F-test is > 0.05 for the one-cell embryo and << 0:01 for the two-cell
embryo, when compared with a two exponential model (data not displayed).
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8.4 Centering forces in the two-cell stage C. elegans em-
bryo
In order to investigate the centering forces associated with the spindle of the two-cell
stage of the C. elegans embryo, position perturbation experiments (see section 4.2.1)
were performed on the spindles of those cells. It was observed that the centering forces
increase by two fold in the two-cell stage when compared to the single-cell stage (see
gure 8.5). These results are important because they oer evidence to dierentiate
between centering models. On one hand, these results are consistent with the cortical
pushing model , where a higher spring constant is expected as the distance between
the cortex and the embryo is reduced (from  16 m to  10-13 m)1, which result
in a increase of the Euler force (fe) of 1.5-2.5 times for every microtubule. As the
total number of microtubules contacting the cortex is conserved between the single-
and two-cell stage, but the amount of microtubules is decreased by 20%, the 2 fold
increase in the value of the spring constant matches the prediction of a 1D system
where the microtubules push (K  Np feXo [73]) as well for a 2-3D system [74]. On the
other hand, these results are not consistent with the cortical pulling model because the
values found for the anterior and the posterior cell are very similar but the amount of
pulling forces in each system should be dierent. Because of the segregation of cortical
components, the posterior cell is 'posteriorized' and higher forces are expected, while the
anterior cell should present lower centering forces. Additionally, a reduction in the cell
size also supposes a reduction of the cortical forces generators and therefore less forces
are also expected in the small cell, if one suppose that the cortical forces generators
are saturated by the microtubules in both cases. Finally, those results argue against the
cytoplasmic pulling model as the reduction in size, should also reduce the centering forces
(F  Nx) as the length of microtubules are shorter and there is also less amounts
of them. In summary, the results presented in this section support the cortical pushing
model as the most plausible mechanism to explain spindle centering.
It was also observed that the relaxation time of the centrosome after displacement in
the two-cell stage is smaller when compared to the single cell stage, which is consistent
with the observed ratio, spring constant (), which is increased, and drag coecient
(), which is maintained, as the recovery time for a viscoelastic element is  = =.
Additionally, this result is consistent with the fact that the recovery time in the cortical
pushing model relates to the time that it takes a single microtubule to grow to the
boundaries and this time is reduced in the two-cell stage (  T+ [73]).
1The increased uncertainty of this value is because the shape of the two-cell embryo is less dened as
the single-cell embryo: see gures 8.2 & 2.4.
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Time constant (T) = 7.51 +/− 0.47 sec 
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Figure 8.6: Relaxation behavior of the spindle in small cells. The characteristic
behavior of the spindle after load is shown for single-cell WT embryos (red) and for the
posterior two-cells embryos (cyan). The mean of the force-scaled displacement (dots)
and the SEM (error bars) are displayed. Using the mean and the SEM as weight a
single exponential (solid line) and two exponential (broken line) model were t to the
data (non-linear squared t) and the value of its parameters displayed for every mean
behavior with the 95% condence interval. The p value of the F-test is << 0.01 for
both cases, when compared with a two exponential model (solid line).
8.4.1 Centering forces in the four-cell stage C. elegans embryo
In order to investigate further the eect that the cell size has in the centering forces,
position perturbation experiments were attempted on the spindles of four-cell stage
embryos during metaphase. Those experiments prove to be very challenging as the
duration of the metaphase is too short (less than 20 seconds) to position the bead and
execute the experiment in a consistent manner. The data provided out of a single
experiment (see gure 8.7) suggest that the centering mechanism in those small cells
still behaves as a viscoelastic element and that the expected forces are comparable
to the forces found for the single-cell embryo. These forces are small compared to
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Figure 8.7: Position perturbation experiment of a spindle during metaphase
in a four-cell stage C. elegans embryo A. Image montage of the experiment. The
position of the spindle is depicted on rst image of the series, as only one centrosome
is possible to see as the rest of the spindle is out of focus. The position of the second
centrosome after the experiment is depicted in the last image of the series. B. Tracking
of the position of the spindle with the non-linear square t for a Kelvin-Voigt element
model and the drag found by the slope for the creeping behavior and the relaxation
time constant for the relaxation behavior after position perturbation.
the ones found in the two-cell embryo and it may seem unexpected, as the running
hypothesis is that smaller cells should have higher spring constants. But this result
may come from the fact that the centrosomes of the 4 cell stage are up 4 times smaller
than the centrosomes found in the single-cell embryo [142], and they may nucleate less
microtubules to support load. This supposition may explain why the spring constant
is not higher, but comparable with the single cell. Additionally, these results converge
in the argument explained in the introduction of this chapter, where cell with large
size dierences may still present comparable centering forces using the cortical pushing
model as a work frame. Maintaining the centering forces along development may be
desirable as the amount of the single force generators decreases with size and arguably
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there is a limit in which the imbalance of forces won't be able to displace the spindle if
the centering forces increases unlimited with the reduction of the cell size.
8.5 Analysis and conclusions
The results presented in this chapter lead towards the conclusion that the centering
mechanism of the spindle in the C. elegans embryo is better explained under the frame
of the cortical pushing model as the increment of the centering forces in the two-cell
embryo matches the predictions stated by this model. Additionally, the results presented
in this chapter talk against the cortical pulling model as the forces found are contrary
to the predictions of this model and because the found forces between the anterior and
posterior cell of the two-cell stage are comparable, which is also not expected under
this model. The result in this chapter as well argue against the cytoplasmic pulling
model as a change of size is not expected to have any inuence on the centering forces.
Additionally, the fact that the smaller cell presents higher spring constant even when the
number of microtubules is decreased, argue as well against the cytoplasmic pulling model.
Finally, the forces found in the four-cell stage embryo suggests that the centering forces
do not increase unlimited with the reduction in size, but rather suggest that centering
forces may be of comparable magnitudes along the development of the embryo as the
amount of the single force generators scale with the cell size enough to compensate the
mechanical increment explained in the cortical pushing model.
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9
Forces associated to anaphase and
oscillations of the mitotic spindle of
the C. elegans embryo
W
hile the function of the spindle during metaphase is to nd
the cell center and align the chromosomes at the metaphase plate,
its function during anaphase is to drag those chromosomes to-
wards the poles to distribute the genetic material to the future daughter
cells. Because the function and dynamics of the spindle in these two mitotic
stages dier, a change in its mechanical properties is expected. This chapter
explores the forces associated with the spindle during anaphase and relates
these results with the ones found for the spindle during metaphase described
in the previous chapters.
9.1 Anaphase in the C. elegans embryo
Although, a lot is known about the processes that occur in the inner spindle during
anaphase, the knowledge that we have on the change of dynamics in the outer spindle
(microtubule aster) during anaphase is limited. It is thought that during anaphase the
astral microtubules interact with the cortex via cortical pulling force generators related
by the G/gpr-1/2 pathway and that such interaction mediate the asymmetric position-
ing of the spindle and the segregation of the centrosomes towards the poles [66]. In the
C. elegans embryo the presence of those cortical pulling forces has been demonstrated
by laser cutting experiments [65, 67, 139, 197]. Additionally, it is known that there
is a constant increase in magnitude of the cortical pulling forces from metaphase to
anaphase [139], which could explain the oscillatory behavior [89]. In late anaphase those
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high pulling forces are evident, as they deform and rip the posterior centrosome apart
[65, 89] (see gure 9.1)1. Because of this increase in the cortical pulling forces, it is pos-
sible to think that the dynamics of the microtubules can be aected during anaphase, as
the activity of motor proteins present in the cortex (i.e. dynein) can change the dynamics
of the microtubules tips of the spindle [28, 48]. In order to investigate these hypotheses,
this chapter study the changes that occur in the spindle during the transition between
metaphase and anaphase by looking at the number of cytoplasmic microtubules (pro-
le distribution and velocity) and at the microtubules arriving at the cortex (change in
boundary conditions) to nally relate those results with the `centering' forces2 of the
spindle during anaphase.
Figure 9.1: The number of nucleating microtubules increase from the NEBD
until anaphase. During the 400 seconds of acquisition an increase of the number of
microtubules and centrosome size was obvious from NEBD until the formation of the
mitotic furrow. -tub::GFP C. elegans strain. Each image was taken 30 seconds apart.
1For a review of the cortical pulling forces in the C. elegans embryo see section 5.1
2It is dicult to talk of centering forces of the spindle in anaphase, as conceptually the function of
the spindle in this mitotic stage implies moving away from the cell center. Nevertheless, this term is
used to make reference of the forces required to move the spindle away from its current position, which
is around the cell center along the A-P axis after oscillations (see appendix B).
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Figure 9.2: Number of microtubules nucleating from the centrosome dur-
ing metaphase and anaphase visualised with EB-1 Increase in the number of
nucleating microtubules from metaphase to anaphase visualised in a EB-1::GFP strain.
A. Embryo in metaphase. B. Embryo in anaphase. left: Maximum projection over 2
seconds (10 frames). Right: Maximum projection over 50 frames (10 seconds).
9.2 Increase of the amount of microtubules during the mi-
tosis.
Because it has been reported that the number of nucleating microtubules increase during
anaphase [71] (see gures 9.1 and 9.2) and that this could aect the mechanical properties
of the spindle (see chapter 7), the number of nucleating microtubules and its prole
distribution were studied as described in the section 2.2.1. There is an obvious increment
of the microtubules present in the cytoplasm of the C. elegans embryo when the signal
from -tub::GFP is used as a marker (see gure 9.1). In order to know if this increment
is due to a higher nucleation of microtubules, the number of EB1 comments during
anaphase were observed and compare with the comments present during metaphase (see
gures 9.2 & 9.4) 3. It was found that  115 microtubules nucleate every 0.2 seconds (575
in 1 second) from the anterior centrosome during anaphase (see gure 9.4A&D), which
is  2 fold increment when compared to metaphase ( 45 microtubules). Additionally,
3Because the posterior centrosome moves closer to the cortex and is ripped apart during anaphase
and late anaphase respectively, only anterior centrosomes were consider for this analysis. See gure 9.3
157
CHAPTER 9. Forces associated to anaphase and oscillations of the mitotic spindle of
the C. elegans embryo
Figure 9.3: Observation region
of microtubules tips at the cy-
toplasm of the C. elegans em-
bryo during anaphase The micro-
tubules tips were observed between 6
and 15 m from the center of the cen-
trosome. A region of within ' 20o
of the axis form by the two centro-
somes was not analyzed as this re-
gion has the microtubules of the in-
ner spindle
r
φ
there was no evidence of cytoplasmic catastrophes or rescues (see gure 9.4D) 4, which
argue that the change on the number of microtubules in anaphase is just due to an
increment in the nucleation capacities of the centrosome and not due to a change of
the microtubules dynamics in the bulk. This increment in the nucleation capacities
of the centrosome may occur due to the fact that the centrosome undergo a non-stop
maturation process, which increases its volume up to 5 times during mitosis [142], and
arguably also its microtubules nucleation capacities as it contains a higher amount of
material that can act as microtubule-nucleation scaold. This change of the microtubules
nucleation capacities is lower than the 20% increment reported before [71], but these
results t better to the observations of cytoplasmic microtubules using the -tub::GFP
strain and to the number of microtubules arriving to the cortex during anaphase (see
section 9.3).
Additionally, it was seen that the polymerization velocity of the microtubules was slightly
reduced during anaphase (as reported before [71]), which may indicate a change of the
dynamics of the microtubules inherent to anaphase or may be just an eect of the
limiting amount of building material due to the high increase of microtubules nucleation,
as suggested before in this thesis for the klp-7 RNAi results (see section 7.2).
In summary, there is an increment of  2.5 fold of the microtubules nucleating from the
centrosomes in anaphase compared to metaphase, which may suggest that the `centering'
forces may be higher than in metaphase as the number of microtubules relate to those
forces (see chapter 7).
4See section 2.2.1 for a complete explanation on how estimate the cytoplasmic catastrophes and
rescue rates by looking at the distribution of microtubules in the cytoplasm
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Figure 9.4: Integration of microtubules in the cytoplasm during anaphase
in the single-cell C. elegans embryo. A-B. Average number of observed micro-
tubules from the centrosome. The data represent the mean and the STD of 5 centro-
somes out of 5 embryos. Only anterior centrosomes were analyzed. The expected decay
in microtubules due to volume without catastrophes and assuming 115 microtubules
growing at any time out of the centrosome is depicted in green. The expected decay in
microtubules due to volume with catastrophes and characteristic lengths of 5, 7.5 and
15 m, which correspond to life times of 6.3, 9.4 and 18,8 seconds when a exponential
distribution is assumed are depicted in black. In red is the number of microtubules
integrated over the volume from the data in green (same as A). Red broken line rep-
resents the mean of the integrated number of microtubules (red) from 6 to 15 m.
The yellow region denotes the interval of the cytoplasm where the results are reliable.
C. Velocity of microtubules tip in the cytoplasm in anaphase(green) compared with
metaphase (red). D. Comparison of the microtubules tips distribution between the
anaphase(green) compared with metaphase (red). The reliable data lay between 5-15
m for metaphase and between 6-15 m for anaphase (see gures 8.2 and 9.3).
9.3 Change of the boundary conditions of the microtubules
at the cortex during anaphase.
Because it is thought that the activation of the cortical pulling force generators during
anaphase may change the dynamics of the microtubules at the cortex and this parame-
ter is thought to relate to the centering forces (see chapter 6), the boundary conditions
of the microtubules at the cortex during anaphase were studied (see gure 9.5) as de-
scribed in the section 2.2.2. The sliding velocity along the cortex of the microtubules
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Figure 9.5: The number of microtubules arriving at the cortex is increased
in anaphase when compared to metaphase Increase in the number of microtubules
at the cortex from metaphase to anaphase visualised in a EB-1::GFP strain. A. Embryo
in metaphase. B. Embryo in late anaphase. The mitotic furrow is evident in this late
stage. left: Maximum projection over 2 seconds (10 frames). Right: Maximum
projection over 50 frames (10 seconds).
tips along the cortex was increased during anaphase (see gure 9.6A), which is coun-
terintuitive as the polymerization speed in the cytoplasm was reduced. Additionally,
the cortical residency time was increased (see gure 9.6B), which in combination with
the higher speeds result in longer sliding distances of the microtubules tips along the
cortex (see gure 9.6C). These results imply that the dynamics of the microtubules at
the cortex may change in anaphase as the residency time and velocities increased be-
tween metaphase and anaphase. The rst possibility is that the minus-end direct motor
stabilize the growing microtubules ends allowing longer runs of the tips along the cortex.
Nevertheless, this is unlikely as the behavior in in-vitro experiments suggest that the
tips, which are stabilized, are normally in the shrinkage stage and not in the growing
one5. A second possibility is that the activity of the cortical catastrophe factors during
anaphase are down-regulated when the cell enter to anaphase, which allow the micro-
tubules to growth `easier' along the cortex such as in the efa-6 RNAi case (see section
6). These hypotheses is supported by the fact that the function of the sliding velocity
with time is less pronounce during anaphase when compared to metaphase (see gure
9.7), This is consistent with the hypothesis proposed in the chapter 6 that says that
the activity of the cortical catastrophe factors slow down the microtubules by making
5EB2 is a marker for polymerization/growth.
160
9.3. Change of the boundary conditions of the microtubules at the cortex during
anaphase.
unstable its microtubules ends when they enter in contact with the cortex. Additionally,
it was observed that during anaphase the microtubules enter in contact with the cor-
tex laterally and remain in the cortex for longer periods of time in such conguration6.
This observation is consistent with both of the previous hypothesis, in one hand if the
cortical catastrophe activity is decreased, longer microtubules are expected to be found
in contact with the cortex, in the other hand the stabilization of microtubules due to an
increase of cortical force generators activity would have the same eect. Most probable,
both are happening in this phase, the increase of the residency time and the lower de-
pendency of the sliding velocity with time suggest that the cortical catastrophe factors
are modulated in anaphase, but the behavior of the microtubules at the cortex seem too
strong to be taken into account only by this eect and possibly some stabilization of the
microtubules at the cortex is also happening by cortical force generators.
Finally, the embryos in anaphase increased in  3 fold the amount of microtubules at the
cortex (see gure 9.6D). This value is consistent with the fact that more microtubules are
nucleating from the centrosome and with the fact that the microtubules remain longer
at the cortex, which increases its contact probability (see equation 2.4).
In summary, by looking at the microtubules at the cortex, it is possible to determine that
its dynamics are changed during anaphase when compare to its dynamics in metaphase,
which has as ultimate result an increment in the time that the microtubules stay in
the cortex and therefore their boundary conditions. These results are consistent with
stabilization of microtubules tips due to minus-end directed motors at the cortex and/or
by a reduction in the action of the cortical catastrophe factors. In the rst scenario the
centering forces are expected to increase because the stabilization of the microtubules
would allow redistributing the load in a higher number of microtubules. The load gets
redistributed in the side where the centrosome is moving forward between the micro-
tubules that are pushing by polymerization forces and those, which are stabilized, and
can support load between the boundaries and the centrosome. Additionally, to this
redistribution of forces, it has to be considered that in the opposite side a pulling/teth-
ering force must be felt as the microtubules are connected between the centrosome and
the cortex, which may increase substantially the forces necessary to move the spindle.
In the second scenario a reduction of the cortical catastrophe factors would allow more
microtubules to be in contact with the cortex without much buckling as the residency
time is not highly increased, which would allow in general to support higher loads.
6Data not shown. Some evidence of it can be seen in the maximum projection presented in the gure
9.5. This observation is also supported by the model presented by the gure 6.3
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Figure 9.6: Boundary conditions of the microtubules at the cortex during
anaphase. Comparison of the boundary condition of the microtubules tips arriving
at the cortex between embryos in metaphase (red) and embryos in anaphase (green).
A. Microtubules velocity along the cortex B. Residency time of growing microtubules
at the cortex C. Slide distance of the microtubules along the cortex D. Microtubule
density at the cortex. For every statistics three values are displayed: The t from
a model (Exponential decay for residency time and running length and Gaussian for
running speed), the error represent the 95% condence interval out of the non-linear
square t; the mean value and standard deviation from the total amount of microtubules
observed and the mean and standard deviation out of the values of mean values of every
embryo.
9.4 `Centering' forces of the spindle during anaphase.
In order to investigate the change in the `centering' forces of the spindle during anaphase7,
position perturbation experiments were done on the anterior centrosome 8 of the single-
cell and in the two-cell C. elegans embryos after anaphase onset. During the experi-
ments, it was seen that the forces required to move the spindle during anaphase were
much higher than those needed in metaphase (see gure 9.8). When forces less than
7It is dicult to talk about centering forces of the spindle in anaphase, as conceptually the function
of the spindle in this mitotic stage implies moving away from the cell center. Nevertheless, this term is
used to make reference of the forces required to move the spindle away from its current position, which
is around the cell center along the A-P axis after oscillations (see appendix B).
8Because the posterior centrosome moves closer to the cortex and is ripped apart during anaphase
and late anaphase respectively, the forces were only applied to the anterior centrosomes during anaphase.
see gure 9.3.
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Figure 9.7: Function
of the sliding veloc-
ity of microtubules
at the cortex with
time in anaphase. The
sliding velocity of the
microtubules tips along
the cortex are plotted
in function with time
during metaphase(red)
and anaphase(green).
The broken blue lines
correspond to the velocity
of microtubules tips at
the cytoplasm (800 m
/s) and at the cortex
during metaphase in WT
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50 pN were applied to the anterior centrosome, the eect of the force was not evident
in the movement of the spindle and it was dicult to decouple the eect of the force
with its normal uctuations. Therefore, only experiments where high forces were ap-
plied (and when the oscillations were not obvious9), were taken into account to describe
the behavior of the spindle under load during anaphase. The spring constant () of the
spindle during anaphase was almost  6 fold higher than the one observed for spindles
in metaphase, in the same manner the drag coecient() was  3.5 times higher in
anaphase than in metaphase, which reduced the characteristic time () to  4.5 seconds
(see gure 9.9). This reduction in  made possible to see a more clear plateau in the
displacement of the centrosome even when the load was applied for only 10 seconds10).
In the same manner the  and  were greatly increase during the anaphase of the two-cell
stage embryo in  6 fold and  10 fold respectively, when compared to the metaphase
spindle of the single-cell embryo and in  2.8 and  10 fold when compared to spindles
of the two-cell stage embryos (see gure 9.9). The same behavior was observed when
the forces between metaphase (see gure 8.7) and anaphase for the four-cell stage em-
bryos are compared (data not shown). These results are important as it indicates that
the changes of the mechanical properties of the spindle during anaphase are conserved
during development and not only during the rst cell division.
There are several explanations for the increase of the values that describe the mechanical
properties of the spindle during anaphase:
9Experiments in anaphase were done after oscillations have stopped.
10The experiments were done for only 10 seconds in the WT embryos because the time window between
the end of oscillations of early anaphase and the formation of the mitotic furrow is short: 10-20 seconds.
Because of the lack of oscillations during anaphase in the gpr-1/2 RNAi embryos, the load can be applied
for longer times in this background (see gure 9.8.
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Figure 9.8: Position perturbation experiment of a spindle during anaphase
in a single-cell stage C. elegans embryo A. Image series of the experiment. B.
Tracking of the position of the spindle with the non-linear square t for a Kelvin-
Voigt element model for the creeping behavior and the relaxation time constant for the
relaxation behavior after position perturbation. This experiment was done in gpr-1/2
RNAi embryos: see the almost symmetric division made by the mitotic furrow and the
lack of oscillations in early anaphase.
Increase of the microtubules number in the system: As described before, the
increase of the amount of cytoplasmic microtubules can increase the mechanical proper-
ties of the spindle (see chapter 7). Nevertheless, in anaphase the observed increment can
not be explained by the increment of microtubules number because the increase in the
 and  are much higher to the ones observed for klp-7 RNAi embryos, which present
similar values of nucleating microtubules from the centrosome and in contact with the
cortex.
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Figure 9.9: Creep behavior of the spindle under load of cells in anaphase
Top: The characteristic behavior of the spindle under load is shown for single-cell
embryos in metaphase (red), for single-cell embryos in anaphase (cyan) and for two-cell
embryos in anaphase (magenta). The mean of the force-scaled displacement (circles)
and the SEM (error bars) are displayed. Using the mean and the SEM as weight a the
Kelvin-Voigt element model (equation 4.1) were t to the data (non-linear squared t)
and the value of its parameters from the t is displayed for every mean behavior with
the 95% condence interval. The p value of the F-test is > 0.05 for all the cases, when
compared with a two exponential model (data not displayed). Bottom: Comparison
between single-cell and two-cell embryos in anaphase (close-up of the top panel).
Decrease of the cortical catastrophe factors activity: As suggested before there
is some evidence that the cortical catastrophe factor activity may be decreased during
anaphase, which could increase the amount of pushing microtubules at the cortex (see
gure 9.7). Nevertheless, this eect is not expected to cause a dramatic change of the
mechanical properties of the spindle as the population of slightly longer microtubules
can not support much load (see chapter 6) and not such dramatic eect is expected to
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occur in this scenario.
Increase of the cortical pulling force generators activity: It is possible that
a change in the motor activity may change drastically the mechanical properties of
the spindle. The stabilization of microtubules at the cortex can increase the load that
microtubules could support by compressive forces as the apparent friction is increased
[74].In addition to this fact, the mechanical properties of the spindle could increase
because microtubules can be tethered to the cortex via motors (see previous section(s)
for more explanation). If one assumes that the stall force of dynein is close to the force
required to trigger its dissociation ( 8 pN [44]) as few as 13 dyneins could be acting
to oppose the displacement of the spindle only by tethering, without counting with the
contribution of pushing microtubules. The number of dyneins needed to account for
this behavior is quite low when compared with the expected value of dyneins at the
cortex of the C. elegans embryos, which can be approximately hundreds to thousands.
This hypothesis oers the only explanation I could imagine that can account for the
dierences of centering forces between the spindles in metaphase and anaphase.
Finally, it was observed that the relaxation times of the spindle after load were reduced
when compared with the spindle in metaphase: values almost one third shorter than
the ones observed for spindles in metaphase. This was expected as this behavior has
been observed before. Every time the spring constant was increased in the system the
relaxation time was decreased (see chapters 7 & 8). This last experiment supports the
idea that there is a correlation between the spring constant and the recovery times.
9.5 Eect of the cortical pulling forces and cortical resi-
dency time of the microtubules on the `centering' forces
of the spindle.
As shown before, there is an increase of the mechanical properties of the spindle when the
cell enters in anaphase. This eect may arise due to a change in the boundary conditions
of the microtubules at the cortex, which may involve the activation of cortical pulling
forces and the reduction of the cortical catastrophe activity. In order to test these
hypotheses, perturbation experiments were done on spindles during anaphase of gpr-
1/2 and efa-6 RNAi embryos. Surprisingly, neither the reduction of cortical catastrophe
factors, nor the reduction of the cortical pulling force generators change dramatically the
mechanical properties of the spindle (see gure 9.11). There are two possible explanation
for this eect: i. The gpr-1/2 RNAi treatment only remove partially the cortical pulling
force generators and as few as 13 dyneins are required to oppose the movement an obvious
eect cannot be detected under this situation. ii. There is an alternative pulling pathway
that remains elusive to our knowledge in the C. elegans embryo during anaphase [196],
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Figure 9.10: Relaxation behavior of the spindle in anaphase. The characteris-
tic behavior of the spindle after load is shown for single-cell embryo in metaphase (red)
and single-cell embryo in anaphase (green). The mean of the force-scaled displacement
(dots) and the SEM (error bars) are displayed. Using the mean and the SEM as weight
a single exponential (solid line) and two exponential (broken line) model were t to the
data (non-linear squared t) and the value of its parameters displayed for every mean
behavior with the 95% condence interval. The p value of the F-test is << 0.01 for
both cases, when compared with a two exponential model (solid line).
and this mechanism could be responsible for the apparent increase in the mechanical
properties of the spindle during anaphase. Although these results are inconclusive, they
are still very important as the high mechanical properties of the spindle in anaphase
cannot be understood through an increase of the cortical pulling forces, which is the
only thing known to change dramatically in the microtubule aster between anaphase
and metaphase.
9.6 Analysis and conclusions
It has been shown that the mechanical properties of the spindle increase between metaphase
and anaphase and that this property is conserved during development as the two-cell
stage and the four cell stage shared the same characteristics. This increase is thought
to occur via a change in the boundary conditions of the microtubules at the cortex, by
tethering the microtubules with the cortex via cortical force generators. Although the
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Kelvin−Voigt element:
x/F(t)= (1/K)*(1−exp(−t/T)) : T=K/G
Spring const = 107.3 +/− 3.0 pN/um
Drag coefficient = 483.6 +/− 15.7 pN*sec/um
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Kelvin−Voigt element:
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Drag coefficient = 441.9 +/− 19.2 pN*sec/um
Time const = 5.1 +/− 2.0 sec
N = 18    Embryos = 12
Kelvin−Voigt element:
x/F(t)= (1/K)*(1−exp(−t/T)) : T=K/G
Spring const = 104.5 +/− 1.5 pN/um
Drag coefficient = 332.8 +/− 12.3 pN*sec/um
Time const = 3.2 +/− 1.5 sec
N = 24    Embryos = 14
Figure 9.11: Eect of the cortical pulling forces and residency time on the
centering forces of the spindle in anaphase The characteristic behavior of the
spindle under load is shown for single-cell embryos in anaphase (green), for gpr-1/2
RNAi single-cell embryos in anaphase (gray) for efa-6 RNAi single-cell embryos in
anaphase (blue). The mean of the force-scaled displacement (circles) and the SEM
(error bars) are displayed. Using the mean and the SEM as weight a the Kelvin-Voigt
element model (equation 4.1) were t to the data (non-linear squared t) and the
value of its parameters from the t is displayed for every mean behavior with the 95%
condence interval. The p value of the F-test is > 0.05 for all the cases, when compared
with a two exponential model (data not displayed).
gpr-1/2 RNAi results did not oer any evidence to support this hypothesis, it is proposed
that the RNAi treatment is not enough to remove complete the cortical pulling force
generators and oer a evident change of the mechanical properties of the spindle, as
arguably only 13 dyneins are required to generate such forces. An alternative option is
that the change of the mechanical properties of the spindle during anaphase is mediated
by an alternative cortical pulling force pathway which remain to be elucidated11.
The mechanical properties of the spindle presented in this chapter are also valuables
by themselves as they allow us to map better the forces acting on the spindle in the
C. elegans embryo. In the chapter 4 an imbalance of force of  150 pN were assumed
during oscillations and of  100 pN along the A-P axis by using a  of  20 pN=m and
a  of 127 pN  sec=m, but with the parameters provided in this chapter those forces
could reach values of 580 pN and 500 pN, respectively. Those values are in concordance
11For more explanation of the conclusion draw in this section see the previous sections of this chapter.
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with the fact that forces of up to  250 pN using 2.8 m beads were applied to the
centrosomes during oscillations, but such forces were not able to stop nor delay the
oscillatory behavior (data not shown). These results show how the forces presented in
the spindle can change dramatically during the cell division and also show the importance
of mapping such forces as assumptions without the right data (i.e. assuming that the
spring constant for a spindle in metaphase and in anaphase are the same) may give rise
to miscalculation. In summary, the values provided here help to understand and map
the forces acting on the spindle during mitosis of the C. elegans embryo.
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Forces associated to vesicle transport
and their implications in centering
C
ytoplasmic pulling via vesicle transport is one of the proposed
mechanism to account for centering. This chapter provides a brief
set of experiments done to explore its implications and it describes
via experimental work the forces that can be expected by the movement of
vesicles in the cytoplasm.
A
B
Figure 10.1: Vesicle trac towards the centrosome. A. Vesicles inside the
C. elegans embryo visualized by DIC microscopy. B. Vesicle moving along the track
depicted in yellow in A. During 10 seconds the vesicle moves  10 m towards the
centrosome. Kymograph on the left. White bar = 5 seconds. Red arrows point the
moving vesicle.
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A B
Figure 10.2: Eect of depleting dyrb-1 and dlc-1 in centering. A. dlc-1, 4
hours. B. dyrb-1, 48 hours.
10.1 Possible function of vesicle transport in the C. ele-
gans embryo.
The cytoplasmic pulling model is based on the existence of anchors distributed in the
bulk of the cell, which can exert pulling forces on the lattice of microtubules radiating
from the MTOC [112{116]1. It has been proposed that those anchors can be vesicles
that move in a processive manner towards the centrosomes along the lattice of the
microtubules via dyneins [116]. Theses events2 are common in C. elegans embryos and
have velocities of 1-2 m=sec and running lengths of up to 10-15 m [45, 116](see gure
10.1). When the vesicle transport is reduced, centering problems of the spindle appear
[45, 116] (see gure 10.2). Therefore, the vesicle transport has been directly linked to the
centering mechanism using the cytoplasmic pulling model as explanation. An alternative
function of the vesicle transport is to bring to the centrosome building material [117, 198].
When the vesicle transport is inhibited, specially of Rab11 endosomes, the microtubules
of the spindle are shorter in C. elegans [198] and the spindle is more `disorganize' in
human cells [117]. In summary, the vesicle transport could have two functions in the
cell, the formation of the spindle by recruiting material and the centering process.
10.2 Implications of the vesicle transport in centering.
In order to study the vesicle transport in the C. elegans, vesicles were observed under
DIC microscopy with a time resolution of 10 fps (see gure 10.1)3. In a single plane,
1For a complete review of this model see section 1.4.4
2Event: vesicle (50nm-2m) moving in a processive manner towards the centrosome with a speed
higher than 1 m=sec maintained for more than 1 second.
3The events were identied and counted by eye as there is not a good software to detect such events
due to the overcrowded environment of the cytoplasm (see gure 10.1) and to the complicated point
spread function that the DIC microscopy oers.
172
10.2. Implications of the vesicle transport in centering.
−50
0
50
100
150
200
250
300
Mean= 31.79
STD= 26.07
CI−95%= 6.83
N= 56
Fail =11%
Mean= 33.41
STD= 41.21
CI−95%= 23.31
N= 12
Fail =25%
Mean= 28.52
STD= 40.97
CI−95%= 16.06
N= 25
Fail =44%
Mean= 129.55
STD= 76.72
CI−95%= 21.70
N= 48
Fail =8%
Mean= 26.24
STD= 20.17
CI−95%= 12.50
N= 10
Fail =10%
Mean= 11.25
STD= 16.69
CI−95%= 7.32
N= 20
Fail =60% Mean= 0.00
STD= 0.00
CI−95%= 0.00
N= 9
Fail =100%
fzy
-1W
T
gp
r-1
/2
gp
r-1
/2
 +
 fz
y-
1
dy
rb
-1
 4
8 
ho
ur
s
dl
c-
1(
3-
6 
ho
ur
s)
dy
rb
-1
 4
0 
ho
ur
s
Ti
m
e 
(s
ec
on
ds
)
Figure 10.3: Eect of depleting dyrb-1 and dlc-1 on centering timing. Cen-
tering timing during metaphase as described in the section 3.6.
 90 events were observe on average per minute. This value is 3 times higher to the
30 events per minute reported before using uorescent markers [116]. This is expected
as the uorescent marker only label few classes of vesicles while the DIC microscopy
observe all the classes. If one integrates over the volume of the C. elegans embryo, 
2400 events are expected to occur per minute. This number is comparable to the number
of microtubules in the system and is in the limit of the number of force generators needed
to achieve a proper stability of the spindle in the C. elegans embryos [121].
In order to relate the number of events with the centering properties of the spindle in
the C. elegans embryo, the amount of DYRB-1 and DLC-1 were reduced via RNAi (see
section ??). Under this RNAi background the events were reduced as shown in the table
10.1. Additionally, the centering of the spindle was compromised when the amount of
these proteins was reduced signicantly (see gure 10.2 & 10.3). The eect of the dyrb-1
was weaker than the eect of the dlc-1, probably the depletion of this chain aect much
more drastically dynein that is involved in other important processes [45]. In general,
only when the vesicle transport is depleted for more than  55% the centering properties
of the spindle was aected. This is a mild eect, but is in accordance with the previous
reports [116].
173
CHAPTER 10. Forces associated to vesicle transport and their implications in
centering
Table 10.1: Vesicle transport events
Condition events/min n(embryos)
Wild type 90  16 10
dlc-1 RNAi 8  3 5
dyrb-1 (36 hours) 65  9 6
dyrb-1 (50 hours) 50  6 5
10.3 Implications of the vesicle transport in spindle assem-
bly.
The defects of the centering process of the C. elegans spindle could be an artifact because
it is possible that the reduction of vesicle trac aects the assembly of the spindle instead
of aecting directly the centering mechanism. When the vesicle transport is inhibited,
specially of Rab11 endosomes, the microtubules of the spindle are shorter in C. elegans
[198] and this may explain why the spindle fails to center under the dlc-1 and dyrb-1
RNAi. If the microtubules fail to reach the boundary the centering process cannot take
place because the microtubules can not sense the space eectively. To ensure that the
amount of microtubules arriving at the cortex is the same when the vesicle transport
is inhibited, the boundary condition of the microtubules at the cortex were studied in
dyrb-1 RNAi embryos. As no eect on the boundary condition of the microtubules at
the cortex was observed when vesicle transport is inhibited (see gure 10.4A-C), it is not
possible to state that the failure in the centering properties is because the microtubules
can not reach the cortex. To the contrary, in this condition more microtubules arrive at
the cortex on average (see gure 10.4D).
10.4 Forces associated with vesicle transport
The movement of vesicles is the force generation process in the cytoplasmic pulling model
but the forces associated with these events are unknown. If the cytoplasm would behave
as a Newtonian uid one could calculate the force of those movements using Stokes'
law4. For example, one can calculate that a vesicle of 1 m of diameter5 moving at 1
m=sec6 in a viscous uid of 1 Pa  s7 can generate  8.5 pN of force. Base on this
4For a sphere F = 6r, where r is the radius, eta the viscosity of the medium,  the velocity of
the particle
5The vesicles in the cytoplasm can reach diameters of 2.5 m although most of them are not bigger
than 1 m .
6Range of velocities 0.8-2.0 m=sec [45].
7The viscosity of the cytoplasm in the C. elegans embryo has been calculated to be 0.3-1 Pa  s. See
the rst chapter for more description.
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Figure 10.4: Boundary conditions of the microtubules at the cortex when
the vesicle transport is reduced. Comparison between single-cell WT embryos
(red) and dyrb-1 RNAi embryos (blue) A. microtubules velocity along the cortex B.
Residency time of growing microtubules at the cortex C. Slide distance of the micro-
tubules along the cortex D. microtubules density in the cortex. For every statistic,
three values are displayed: The t from a model (Exponential decay for residency time
and running length and Gaussian for running speed), the error represents the 95% con-
dence interval out of the non-linear square t; the mean value and standard deviation
from the total amount of microtubules observed and the mean and standard deviation
out of the values of mean values of every embryo.
calculation one can expect that two vesicles moving for 15-20 m could generate enough
force to move the spindle for one micron out of the cell center. Although such simple
calculation is attractive, the problem relies on the fact that the cytoplasm behaves as a
non-newtonian uid and an elastic component is expected to appear at the velocities the
vesicles move in the cytoplasm [81, 82, 168]. To avoid these problems, this thesis presents
a more experimental approach to the problem. In order to estimate the forces that single
vesicles can exert in the cytoplasm, 1.0 m beads dragged in the cytoplasm with dierent
forces in the C. elegans embryo (see gure 10.5). In order to move a bead with initial
velocities of 1-2 m=sec forces close to  7 pN were needed (see gure 10.6). These
forces are slightly less than the calculation done by Stokes law. Base on this calculation
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Figure 10.5: Viscoelastic properties of the cytoplasm by active microrhe-
ology. A 1.0 m bead is dragged in the cytoplasm for 1.5 seconds with 7.5 second
recovery between pulses. The beads were located in the central plane of the cell and
far away from the NCC to avoid interference of the boundaries and the microtubules
respectively with the displacement of the bead.
3 vesicles of 1 m of diameter moving at 1 m=sec for more than 15 m would be needed
to move the spindle by one micron8. Because the previous experimental calculation was
done using only the initial velocities of the beads the elastic component of the cytoplasm
was neglected in these calculations. In reality, as the beads (and vesicles) move for several
8Assuming a  of 20 pN=m and a  of 125 pN  sec=m for the centering mechanism.
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A B
Figure 10.6: Dependence of the force on the bead displacement through the
cytoplasm. A. Relation between the applied force and initial velocity. B. Relation
between initial velocity and applied force. The mean behavior of every curve was
described with a d-s-voigt element, see gure 10.8.
seconds along the microtubules an elastic component has to be considered. Because of
the elastic component, higher forces than previously calculated can be expected when
the vesicles move through the cytoplasm because the elastic component of the cytoplasm
may oer a substrate for the movement.
10.5 Mechanical properties of the cytoplasm
The spindle moves inside the cytoplasm and therefore it is necessary to have a better
knowledge of the mechanical properties of it. The mechanical properties of a uid
can be tested by two dierent approaches: passive and active microrheology. This
work uses the active microrheology to describe the properties of the cytoplasm. By
dragging beads into the cytoplasm as described in the previous chapter, it is possible
to study the forces the spindle experiences when it moves through it. It is obvious
that the cytoplasm has an elastic component, even when the beads moves with a `slow'
velocity (see gure 10.6). Every time the beads were moved in the cytoplasm a linear
behavior was observed rst to latter slow down its movement. The deceleration evidences
the elastic component of the system. An even more obvious evidence of the elastic
component is the movement backwards that the beads suered when the force is turned
o (see gure 10.5). This elastic component could come from the actomyosin network
in the cytoplasm or simply from the polydisperse nature of the cytoplasm. This second
option is more plausible because a not clear network has been seen inside the C. elegans
embryo but the polydisperse nature of the cytoplasm is obvious (see gure 10.1).
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Figure 10.7: Relaxation behavior of the beads in cytoplasm The relaxation of
the beads was scaled by the amplitude form by the initial data point where the force
is not longer present and a calculated oor found by tting the data with a double
exponential. The scaled data is then t with two dierent models a single exponential
and a double exponential. The data ts better to a double exponential (p value of the
F-test << 0.01).
In order to describe the viscoelastic properties of the cytoplasm a d-s-Voigt model was
tted to the data (see gure 10.8A)9. It was seen that the parameters of this model
depend on the magnitudes of force or speed10 the beads had during the experiment. This
show rst that the system is not only viscous as suggested before [81] but viscoelastic
and that the system can not be considered linear as the parameters depend on the
force. In reality, one would like to use the rst parameters found in those plots as
they represent the velocities by which vesicles and spindles moves inside the C. elegans
embryo. Additionally, to the creep behavior of the beads the relaxation behavior of the
beads in the cytoplasm was also taken as evidence for the elasticity of the system. The
fact that the beads relaxes back gives an estimate for the relaxation of the cytoplasm
with values of less than 1 second:  0.8 seconds, although the data are better described
with the sum of two exponentials (see gure 10.7). The fact that the beads reaches a
relaxation plateau argues for the second dashpot present in the d-s-Voigt model used to
t the data.
9This model has been used already before to describe the mechanical properties of the cytoplasm.
See [82].
10The initial speed of the movement reects the applied force (see gure 10.8). Therefore, this set of
data is redundant but it is plotted to stress the non-linearity of the system.
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In general those values are very important as they give a feeling for the forces experience
by the spindle and the vesicles when they move through the cytoplasm. For example,
for the vesicles an elastic component is needed to be taken into account to calculate
the forces they exert in the cytoplasm. For the spindle during oscillations, as they
can reach velocities of 1 m=sec an elastic component may have to be also taken into
account. But for the movements of the spindle during the perturbation experiments
and/or during its normal centering process only a viscous element has to be taken into
account because at those velocities (less than 0.2 m=sec) possibly the rearrangement of
the cytoplasm occurs faster than the movement of the spindle and the elastic component
can be neglected [199].
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Figure 10.8: Non-lineaer behavior of the viscoelastic properties of the cy-
toplasm A. behavior of the d-s-voigt element under load. B. dependency with the
applied force. C. Dependency with the initial velocity.
10.6 Analysis & Conclusions
In this chapter was shown that when the vesicle transport is inhibited some defects in
the centering properties appear. Those eects can be considered mild and only when
the vesicle transport is strongly inhibited there are evident centering problems. Those
results are dicult to interpret as to inhibited vesicle transport one has to target dynein
and this motor protein is involved in many other processes that run in parallel with
centering. Therefore, it is dicult to say that the centering problems are because of the
inhibition of vesicle transport or another process where the dynein is participating. At
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centering
least, it was shown that the centering process are not because of a malfunction in the
nucleation and growth of microtubules from the centrosome as described before [198].
It was also shown that vesicle transport can generate sucient force to move the spindle
o center and therefore would be able to generate sucient force to recover its position
back to the center. At few as 3 vesicles of 1 m in length, moving across the short
axis of a C. elegans embryo could generate enough force to displace its position o-
center. Additionally, it was shown that an elastic component has to be considered for
the movement of the vesicle in the cytoplasm and not only a viscous drag force is to be
considered. While for the movement of the spindle in the cytoplasm a viscous force may
be sucient to describe the friction forces acting on it, except during oscillations when
an elastic component is expected to appear. Finally, this chapter does not consider the
eect that the boundary conditions could have on the movement of the spindle, which
are thought to aect the viscous forces signicantly [83].
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Discussion and Conclusions
11.1 The dynamics of the microtubules is well controlled
in the C. elegans embryo
The centering mechanism depends on its microtubules and its dynamics. In this thesis,
it has been shown that the C. elegans embryo controls spatially the dynamics of the
microtubules that belong to the aster during mitosis. By looking at the microtubules
prole this thesis provides a much more convince evidence that the microtubules do
not undergo catastrophes or rescues in the cytoplasm. In a simplied picture,  3500
microtubules of the C. elegans aster growth at constant speed of  0.8 m=sec of from
the centrosome to the cortex without catastrophes1, once they reach the cortex they are
get unstabilized by cortical catastrophe factors, remaining in the cortex for  0.8 seconds
and aecting its sliding velocity (  0.6 seconds), to then shrink to the centrosome with
speeds similar to the growth ones.
11.2 The centering mechanism behaves as a damped spring.
A damped spring can be used as a macroscopic simplication of the centering mechanism
of the spindle, characterizing the process in terms of a spring constant (  20 pN=m)
and a drag coecient (  125 pN  sec=m). If the spring constant is taken as a
measure of the centering force, this is relatively soft compared to the dimension of the
C. elegans spindle and comparable to the forces acting on the spindle of ssion yeast that
is much smaller. It seems that the creep behavior of the spindle can be considered linear
for small amplitudes (< 3 m ) while the relaxation after force perturbation is more
complex and may suggest a non-linearity or plasticity in the system. The relaxation
1Less than 5% of microtubules would catastrophe before they reach the cortex.
181
CHAPTER 11. Discussion and Conclusions
behavior is better understood as the sum of two processes acting in parallel (  3.5
seconds &   26 seconds). The slow process is considered the centering mechanism
and the faster process is considered to be the eect of stored elastic forces of buckled
microtubules, the cytoplasmic viscoelastic properties (  0.8 seconds) or the partial
accumulation of microtubules in one side of the cortex. Biologically, the fast process
could be in charge of the correction of very transient perturbations while the process
underneath the large time constant may be in charge of correcting large and much more
persistent perturbations and/or to drive the spindle to the cell center during mitosis.
The values found in this thesis may prove to be very useful to map the force balance
of other processes in the C. elegans embryo, such as anaphase and oscillations. For
example, it was calculated that the polymerization force of only  14 microtubules or
the pulling force of  4 dyneins could displace the spindle for one micron away of the
center.
11.3 The Cortical pulling forces are not involved in spindle
centering.
Although there are an extensive collection of centering models based on the cortical
force generators as the force mechanism that brings and maintain the spindle in the cell
center, the evidence presented in this thesis speak against these models. First, neither
the centering properties of the spindle, the NCC migration or rotation were aected when
the cortical pulling forces were removed, which suggest that the cell can dispense of these
forces to center. Second, the fact that the metaphase-arrested spindle only improves its
centering capabilities once the cortical pulling forces were signicantly reduced, suggest
that the cortical pulling forces hinder the centering instead of enhancing it and that the
cortical pulling forces may be used more for positioning than centering. Third, the fact
that the centering forces increase when the cortical pulling forces are reduced, suggests
that they are not involved in the centering mechanism. Finally, the fact that the spindle
of the gpr-1/2 RNAi embryos recover almost with the same speed as the spindle of the
WT embryos after position perturbations, may indicate that the centering forces that
produce the centering force imbalance are not connected with the cortical pulling forces.
In addition, it was possible to show that the boundary condition of growing microtubules
in contact with the cortex are not changed, which may indicate that the cortical pulling
forces are not active in the cortex during centering.
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11.4 A fast contact of the microtubules with the cortex is
necessary for proper force transmission and therefore
for centering.
The results presented in this thesis show that increasing the pushing probability of the
microtubules is not an eective mechanism for cell centering, as possibly long and buckled
microtubules cannot aord much load. This may be one of the reasons why the cortical
catastrophe factors are present in the cortex. Even when there is more microtubules
at the cortex when the cortical catastrophe factors are reduced the centering forces do
not increase because long and buckled microtubules can not transmit polymerization
force through compression only the population of microtubules that just entered in
contact with the cortex are the ones responsible for the centering forces. Importantly,
by removing the cortical catastrophe factors this thesis present evidence of microtubule
buckling by polymerization forces 2
11.5 The microtubules are eectively the force transmis-
sion entity of the centering process.
In this thesis it was shown how the number of microtubules present in the system af-
fect the centering forces of the C. elegans spindle. In conclusion, a higher number of
microtubules means higher centering forces which lead to faster recoveries after position
perturbations and possibly a lower number of microtubules would have opposite eects.
This is consistent with the thinking that a higher number of microtubules also mean
that more force (centering) generators can act simultaneously. This conrms that the
microtubules are the force transmission entity of the centering mechanism. Additionally,
this thesis also gives insights on the importance of the residency time of the microtubules
at the cortex because the amount of microtubules in contact with the cortex were com-
parable when the cortical catastrophe factors were removed but only when the boundary
conditions remain unaltered the centering forces increase.
11.6 The scale of centering forces with cell size leads to
think that the centering mechanism is mediated by
pushing mechanism.
The results presented in this thesis lead towards the conclusion that the centering mech-
anism of the spindle in the C. elegans embryo is better explained under the frame of the
2The eect of the cortical pulling forces were not evaluated when the cortical catastrophe factors
were removed because they were discard as relevant for the centering process.
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cortical pushing model as the increment of the centering forces in the two-cell embryo
matches the predictions stated by this model but not the others. The results in this the-
sis argue against the cytoplasmic pulling model as a change of size is not expected to have
any inuence on the centering forces. Additionally, the fact that the smaller cell present
higher spring constant even when the number of microtubules is decreased argue as well
against the cytoplasmic pulling model . Finally, the forces found in the four-cell stage
embryo suggest that the centering forces do not increase unlimited with the reduction
in size, but rather suggest that centering forces may be of comparable magnitudes along
the development of the embryo as the amount of the single force generators scale with
the cell size enough to compensate the mechanical increment explained in the cortical
pushing model.
11.7 Vesicle transport could generate enough force to me-
diate spindle centering, but is thought not to be the
centering mechanism.
This thesis shown that there is some correlation of vesicle transport with centering.
Nevertheless, those results are dicult to interpret as to inhibit vesicle transport one
has to target dynein and this motor protein is involved in many other processes that
run in parallel with centering. But this thesis show that the centering process problems
when the vesicle transport is inhibited are not because of a malfunction in the nucleation
and growth of microtubules from the centrosome as was suggested before. It was also
shown that vesicle transport can generate sucient force to move the spindle o center
and therefore would be able to generate sucient force to recover its position back to
the center. At few as 3 vesicles of 1 m in length, moving across the short axis of a
C. elegans embryo could generate enough force to displace its position o-center. Even
though when the vesicle transport seems to generate enough force to move the spindle
it is not thought to be the centering mechanism as the results presented in the previous
section speak against it. It is possible that this process helps the centering mechanism
but may not be the main responsible molecular process. Finally, by dragging beads
in the cytoplasm it was shown that an elastic component has to be considered for the
movement of the spindle during oscillations but possibly not during centering.
11.8 The forces associated with the spindle change dur-
ing mitosis and they reect the change of the spindle
dynamics.
This thesis shows that the mechanical properties of the spindle increase between metaphase
and anaphase and that this property is conserved during development. This increase is
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11.8. The forces associated with the spindle change during mitosis and they reect the
change of the spindle dynamics.
thought to occur via a change in the boundary conditions of the microtubules at the
cortex, by tethering the microtubules with the cortex via cortical force generators. Al-
though, the gpr-1/2 RNAi results did not oer any evidence to support this hypothesis,
it is proposed that the RNAi treatment is not enough to remove complete the corti-
cal pulling force generators and oer a evident change of the mechanical properties of
the spindle, as arguably only 13 dyneins are required to generate such forces. An al-
ternative option is that the change of the mechanical properties of the spindle during
anaphase is mediated by an alternative cortical pulling force pathway which remain to
be elucidated3.
These results show how the forces presented in the spindle can change dramatically
during the cell division and also show the importance of mapping such forces as assump-
tions without the right data (i.e. assuming that the spring constant for a spindle in
metaphase and in anaphase are the same) may give rise to miscalculation. In summary,
the values provided here help to understand and map the forces acting on the spindle
during mitosis of the C. elegans embryo.
CONCLUSION:
The results of this thesis suggest that is most probable that the center-
ing mechanism of the mitotic spindle are mediated by polymerization
forces of microtubules against the cortex .
3For more explanation of the conclusion draw in this section see the previous sections of this chapter.
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A
Simulation of creeping behavior of
the spindle under load
The mean creeping behavior of the spindle was simulated by averaging out 50 traces.
Each trace was created by simulating the equation 4.1 with a spring constant of 20
pN=m and 120 pN  sec=m and a normal and randomise constant force with 40 pN
mean and 6 pN of STD. To each curve, a Gaussian and Poisson distribution noise was
added with sigma of 250 nm to simulate the uctuation inherent of the centrosome at the
cell center. Additionally, a sine curve with a period of 5 and an increasing exponential
amplitude with  = 6 secs was added to simulate the observed increase of uctuations
when the centrosome moves further from the cell center.
To the mean behavior a single (Kelvin-Voigt model) and a double exponential were
tted using the SEM as weights. Additionally, to every trace the kelvin-Voigt element
was also tted and the mean and STD of those values were also plotted. The P value
of the F-test between a single and a double exponential was >0.05 which is expected as
the data was simulated using a single exponential model.
In conclusion the t of the mean gives estimates closer to the real value than the mean of
the single ts because the single ts can be ill-poised by the noise and bias the statistics
to a non-normal distribution. An evidence of this eect is shown as the median of the
data represent better the real values as the mean of the single ts.
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Kelvin−Voigt element:
x/F(t)= (1/K)*(1−exp(−t/T)) : T=K/G
Spring const = 19.95 +/- 0.23 pN/um
Drag coefficient = 122.22 +/− 1.81 pN*sec/um
x(t)=C−(A*exp(−t/T1)
Time const = 6.13 +/− 0.23 sec
n = 50    Embryos = 50
Drag−coeff(from slope) = 122.053 pN*sec/um
P value from F test = 0.24955
Two Exponential fitting 
x(t)=C−(A*exp(−t/T1) + B*exp(−t/T2))
Time constant (T) = 6.21 +/− 41249.87 sec 
Time constant (T) = 6.21 +/− 46732.73 sec 
A = 0.025 +/− 5124676.38
B = 0.025 +/− 5124676.37
Figure A.1: Mean behavior of a simulated viscoelastic element.
0 5 10 15 200
0.01
0.02
0.03
0.04
0.05
0.06
0.07
Time (seconds)
dis
pla
cm
en
t/ 
fo
rc
e 
(u
m
/p
N)
Figure A.2: Single ts of viscoelastic simulated traces.
188
Appendix A. Simulation of creeping behavior of the spindle under load
5
10
15
20
25
30
Mean= 18.87
STD= 5.30
CI−95%= 1.47
N= 50
Sp
rin
g 
co
ns
ta
nt
 (p
N/
um
)
80
100
120
140
160
180
200
220
Mean= 130.38
STD= 33.09
CI−95%= 9.17
N= 50
Dr
ag
 C
oe
ff 
(p
N*
se
c/u
m
)
20
25
30
35
40
45
50
55
60
Mean= 39.44
STD= 6.22
CI−95%= 1.72
N= 50
Av
er
ag
e 
fo
rc
e 
(p
N)
Figure A.3: Mean, STD and SEM of the spring constant and drag coecient
of the simulated traces. Mean, STD and SEM of the spring constant and drag
coecient of the ts over the simulated traces presented in the gure A.2
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Figure A.4: Boxplot of the t parameters of the simulated traces. Boxplot
of the t parameters of the simulated traces presented in the gure A.2
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B
Displacement and velocity during of
the centrosomes during oscillations
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Figure B.1: Displacement and velocity during oscillations in the single-cell
C. elegans embryo. left: The position in relation with A-P axis (zero line). right:
Velocity derived from the position. Every embryo is represented in a dierent colour
and the colours correspond to an embryo in every panel. C. elegans strain: -tub::GFP.
The geometry of embryo was determined as described in the section 3.6 and position
of the centrosomes as described in the section 3.5.5. The velocity was determined by
using the derivate of the spline of the position of each centrosome with respect to the
A-P axis. N = 11 embryos.
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C
Behavior of the centrosome position
after perturbation including
oscillatory behavior
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Centrosome relaxation behavior after an external force.
Single exponential: 
x(t)=A*exp(−t/T)
Time constant (T) = 18.45 ± 1.51 sec 
A = 0.99 ± 0.01
P value out of F test = 1.0566e−09
Double exponential: 
x(t)=A*exp(−t/T1) + B*exp(−t/T2)
Time constant (T) = 3.13 ± 2.80 sec 
Time constant (T) = 25.87 ± 6.05 sec 
A = 0.30 ± 0.17
B = 0.69 ± 0.17
Figure C.1: Relaxation of the spindle after perturbation including oscilla-
tory traces.
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Centrosome relaxation behavior after an external force.
Single exponential: 
x(t)=A*exp(−t/T)
Time constant (T) = 22.1558 ± 1.1354 sec 
A = 0.98274 ± 0.011878
Double epoential: 
x(t)=A*exp(−t/T1) + B*exp(−t/T2)
Time constant (T) = 7.89 ± 1.20 sec 
Time constant (T) = 2333080612.27 ± 31260977704954852 sec 
A = 0.73 ± 0.06
B = 0.26 ± 0.06
P value out of F test = 0
Figure C.2: Relaxation of the spindle after perturbation with oscillations
for times longer than 15 seconds.
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D
Positioning of microtubule organizing
centers by cortical pushing forces
Authors: Rui Ma1 and Carlos Garzon-Coral 2
This appendix has as main focus to present a dynamical description for the motion of
a microtubule organizing center in a one-dimensional chamber, based on the cortical
pushing model. First we describe the system in terms of the density of the microtubules
populations and its net force. Second we explained the boundary conditions and how
these lead to accumulation of microtubules in the side that the MTOC is moving toward.
Finally, we present the results, where we show that the described system behaves roughly
as the experiment and describe how an accumulation of microtubules can explain the fast
initial movement during the recovery and how there is a wave in the density distribution
of the microtubules product of the turn over of the population of the microtubules.
D.1 Cortical pushing model for a xed microtubule orga-
nizing center
We rst consider the dynamics of microtubules for a xed microtubule organizing center
in a conned one-dimensional chamber of half-length r. The microtubule organizing
center is xed at a position z from the cell center. A single microtubule can be in one of
the four states: (i) growing with a velocity of vg, (ii) shrinking with a velocity of vs, (iii)
being in contact with the boundary, and (iv) being in an empty nucleation site. In the
following, we describe the dynamics of microtubules on the right side of the organizing
center3, thus using the superscript `r'. The microtubules of type (i) and (ii) are described
1MPI-PKS, Dresden-Germany
2MPI-CBG, Dresden-Germany
3This is the side where the MTOC is moving to.
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by their length distribution functions rg(; t) and 
r
s(; t), which are governed by the
equations
@t
r
g + vg@
r
g = ksg
r
s   kgsrg; (D.1)
@t
r
s   vs@rs =  ksgrs + kgsrg: (D.2)
Here ksg and kgs denote the rescue and catastrophe rate of microtubules whose plus end
lies between the organizing center and the boundary, 0    R, where R = r   z.
vgvs
fp
zr
cell center
Microtubule
 organizing center
nucleation site
Figure D.1: Diagram of the MTOC in a 1D chamber in the frame work of
the cortical pushing model. A cell is characterized as a one-dimensional chamber
of length 2r. A microtubule organizing center is xed at a position z from the cell
center. Growing and shrinking microtubules are shown in green and red. Microtubules
in contact with the boundary are shown in cyan. An empty nucleation site is shown in
pink.
The number of microtubules of type (iii) at the boundary is denoted by N rb, which obeys
dN rb
dt
= rg(R; t)vg   kcatN rb (D.3)
Here kcat denotes the catastrophe rate of microtubules at the boundary. The number of
microtubules of type (iv) is denoted by N r0, which obeys
dN r0
dt
= rg(0; t)vs   knucN r0 (D.4)
Here knuc denotes the nucleation rate of microtubules from an empty nucleation site.
We assume the total number of the four types of microtubules Ntot is conserved, thereby
Ntot =
Z R
0
(rg + 
r
s)d+N
r
0 +N
r
b (D.5)
is a constant. The conservation of the total number of microtubules implies an equation
at the boundary  = R
rs(R; t)vs = kcatN
r
b; (D.6)
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and an another equation at the boundary  = 0
rg(0; t)vg = knucN
r
0: (D.7)
Equations (D.1)-(D.7) constitute a complete description of microtubule dynamics on the
right side of the microtubule organizing center. Dynamics of microtubules on the left
side obeys the same set of equations except the boundary is located at  = L, where
L = r + z. In the following, we use superscript `l' to indicate microtubules on the left
side, and lg; 
l
s; N
l
b; N
l
0 to denote the four types of microtubules on the left side.
Each microtubule in contact with the boundary exerts a force of magnitude fp
4 on the
microtubule organizing center, and the net force acting on the organizing center reads
Fnet = (N
l
b  N rb)fp: (D.8)
Here we neglect buckling of microtubules and assume fp is a constant.
D.2 Boundary conditions for a moving microtubule orga-
nizing center
We now study the motion of the microtubule organizing center. The position z of the
organizing center evolves according to the equation

dz
dt
= Fnet + Fext; (D.9)
where  denotes the friction coecient associated with the microtubule organizing cen-
ter, Fext denotes the external force. The microtubules associated with the organizing
center co-move with the microtubule. Thus the motion of the organizing cen-
ter leads to accumulation of microtubules at the boundary the organizing
center moves towards, and reduction of microtubules at the boundary the
organizing center moves away from.
To properly account for the dynamical eect caused by microtubules co-moving with
the organizing center, we choose a reference frame that is centered at the organizing
center and co-moving with the organizing center. In the following, we only describe
microtubule dynamics on the right side of the organizing center. Equations for the left
side can be simply obtained by replacing z with  z.
In the reference frame that is co-moving with the organizing center, the Eqs. (D.1)-
(D.2) that describe dynamics of microtubules inside the chamber do not change, but
the cut-o length R now is a time-dependent variable R(t) = r   z(t). The boundary
4It is the same fe used int he main taxt of this thesis.
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condition at  = R(t) changes into
dN rb
dt
= rg(R(t); t)(vg + _z)  kcatN rb (D.10)
Correspondingly, the boundary equation (D.6) becomes
rs(R(t); t)(vs   _z) = kcatN rb; (D.11)
Comparing with the boundary conditions (D.3) and (D.6) for the xed microtubule or-
ganizing center, Eqs. (D.10) and (D.11) have additional contribution from the velocity
_z of the organizing center, which is a reection of the accumulation/reduction of micro-
tubules at the boundary caused by the relative motion between the organizing center
and the boundary. Note that Eqs. (D.10) and (D.11) only hold if
j _zj < min(vg; vs); (D.12)
which implies that the velocity of the organizing center cannot exceed the growing
velocity nor the shrinking velocity of microtubules5. Although this requirement (D.12)
is not guaranteed in Eq. (D.9), for instance, a very large external force will result in
a very large velocity _z, we always assume (D.12) is fullled and in practical we always
choose parameter values to ensure that it is fullled.
D.3 Response to perturbations by external forces
In this section, we perturb the system from its steady steady using external forces
Fext = fext[(t) (t  T )]: (D.13)
Here fext denotes the magnitude of the external force, (t) denotes the Heaviside func-
tion and T is the duration of the external force. We investigate the position evolution
of the organizing center during and after the perturbation.
D.3.1 Two phases of relaxation
The distance of the microtubule organizing center is shown in Fig. D.2. Initially, the
organizing center is positioned at the cell center. Under the action of external forces,
it goes away from the center. After a period T , the external force is released and the
microtubule organizing center moves back to the cell center. Interestingly, the relaxation
curve can be roughly divided into two phases, a fast relaxation immediately after the
5This is in agreement with the experiments. The growing and shrinking velocity of the microtubules
were calculated experimentally in this thesis to be  0.8 m=sec and for the spindle to be maximum
0.2-0.5 m=sec.
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release of the force and a slow relaxation after the fast relaxation. The fast relaxation can
be attributed to the accumulation of microtubules at the right boundary and reduction
of microtubules at the left boundary, due to the microtubule organizing center moving
towards the right boundary (see Fig. D.3 for t < 40s). As the relaxation goes, the
leftward motion of the microtubule organizing center counteracts the number dierence
of microtubules in contact with the boundary, and the relaxation becomes slow (see Fig.
D.3 for t > 40s).
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Figure D.2: Behavior of the MTOC under load. The distance of the microtubule
organizing center from the cell center in response to external forces. The vertical black
line indicates the time window when a constant external force is applied. Parameter
values are listed in Tab. D.1.
D.3.2 Delay eect
When the external force is applied, the organizing center goes away from the cell center,
which is shown as the creeping curve in Fig. D.2. The initial rise of the creeping curve
is almost linear, until a point around t  16s, the creeping velocity becomes slow. This
is more obvious from the change of the number of microtubules at the boundary in Fig.
D.3. The numbers of microtubules at both the right and the left boundaries quickly
reach a plateau, and at t  16s we see a rise of both curves, with the increasing of
the number of microtubules more pronounced at the right boundary than at the left
boundary ( compare the blue curve and the green curve in Fig. D.3). The lasrger
dierence between the number of microtubules at the right boundary and at the left
boundary results in a larger resistive force against the external force, thus slowing down
the creeping. The sudden rise of the number of microtubules at t  16s is due to
microtubules depolymerized at the boundary at the beginning of the creeping phase
shrink and regrow to the boundary. The travel distance for the microtubules on the
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Figure D.3: Eect of the MTOC displacement on the number of micro-
tubules in the boundary. The number of microtubules in contact with the bound-
ary on each side. The vertical black line indicates the time window when a constant
external force is applied. The blue line indicates the number of microtubules in contact
with the right boundary, the green line indicates the number of microtubules in contact
with the left boundary. Parameter values are listed in Tab. D.1.
right side is shorter than the left side, therefore the rising being more pronounced at
the right boundary. The delay eect can be easily visualized in the snapshots of the
length distribution function rg(; t). At t = 0, the length distribution is homogenous
across the chamber. As time goes by, the distribution shrinks towards the organizing
center due to microtubule catastrophe at the right boundary. After around (actually
shorter than) t  r=vs = 5s, the depolymerized microtubules go back to the organizing
center and regrow. We see a wave propagating towards the boundary, which nally
raises the number of microtubules near the boundary at t  16s. In the experiments
with C. elegans , this time is expected to be t  38s6 and as the relaxation times were
not recorded for those times this behavior was not seen.
Parameter Value Description
r 15m half-length of the chamber
vg 1m=s growing velocity
vs 3m=s shrinking velocity
kgs 0s
 1 catastrophe rate inside the chamber
ksg 0s
 1 rescue rate inside the chamber
kcat 0:5s
 1 catastrophe rate at the boundary
knuc 100s
 1 nucleate rate at the microtubule organizing center
fp 0:5pN magnitude of the pushing force
fext 50pN magnitude of the external force
T 20s duration of the external force
Ntot 2000 total number of microtubules on each side
 10 4Ns=m friction coecient of the microtubule organizing center
Table D.1: Parameter values.
6Assuming a Vg and Vs of 0.8 m=sec and a distance centrosome-cortex of 15 m in average.
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Figure D.4: Length distribution of microtubules inside the chamber at the
right side of the microtubule organizing center. The distribution of the micro-
tubules is plotted at dierent time points of the movement of the MTOC.
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